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ASSESSMENT OF COMBINED EFFECTS OF BLAST
AND FIRE ON PERSONNEL SURVIVABILITY

The objectives of the research study described in this re-
port were (1) to perform a preliminary analysis of hazards to
sheltered personnel in a blast-fire environment produced by the
detonation of a 1 MT nuclear weapon near the ground surface, and
(2) to lay the groundwork for developing a consistent, formal
methodology for estimating the probability of people survival
in a blast-fire environment.

The study began by selecting a set of buildings to be used
for constructing a variety of realistic city blocks and then
portions of cities or towns. The set included four buildings;
two framed single family residences, a low-rise multi-family
residence, and a high-rise residential building. All are real
buildings and represent a realistic sample of residential con-
struction in terms of size, though not necessarily representative
of all possible structural systems and building materials.

Each of the four buildings was analyzed to determine over-
pressures necessary to produce incipient collapse and breakup
of the building. On the basis of the blast/structural analysis
a debris catalog was assembled for each building. A debris
catalog contains all of the pieces a building breaks into when
subjected to incipient collapse overpressure. Each debris piece
in the catalog is described in terms of the following parameters,
i.e., weight, size, largest and smallest projected areas, center
of gravity coordinates of the initial position at the time of
separation. In addition to building parts, the debris catalog
also includes a typical (basic) set of furniture items.

To expedite the determination of final debris location, a
computer program was developed for debris transport analysis.
This computer program has the following capabilities.

(1) Store and retrieve debris catalog data for build-
ings included in the analysis.
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(2) For a given attack condition determine debris
trajectories, final ground ranges and times of
arrival for each debris piece in the catalog.

(3) Determine which debris pieces from which city
blocks combine to form a debris pile in the city
block of interest. Determine the special distri-
bution of debris pieces in the block.

(4) Provide information (printout and/or contour plots)

on the makeup of the debris pile for use in fire
ignition and fire spread analysis.

For further study, a hypothetical city consisting of identi-
cal, two-story single-family framed residences with three types
of below-grade personnel shelters was formulated and subjected
to a simulated, single nuclear weapon attack. On the basis of
a blast-structural analysis, zones of blast damage were identi-
fied and labeled as severe, moderate and light. Using the
"debris analysis' programs, the distribution of building debris
was determined. Debris piles in the severe damage area of the
city were described in terms of debris weight and composition
(combustible, noncombustible) as a function of ground location.

Time dependent fire effects were first determined for the
entire city. The IITRI Ignition Model was updated to reflect
recent analyses of blast modification of sustained ignitions
(primary fires); and, combined with predictions of secondary
fires to describe the initial ignition patterm over the city
from a 1 MT near-surface burst. The IITRI fire spread model was
applied directly to the area of light damage, and modified, and
applied to the moderate damage regions. Fires in the area of
severe damage were assessed, assisted by results of past debris
fire experiments.

Fire spread throughout the city was assessed for a 15 percent
building density assuming no concerted firefighting efforts. 1In-
dividual tracts were then reevaluated to establish the impact of
fire prevention and firefighting efforts on local fire nrogress
and severity. Hazards were quantified and the probability of
people survival was estimated in terms of each shelter effective-
ness when located in different zones of blast damage.

S-2




The three personnel shelters included (1) a conventional
would joist framed basement expediently upgraded to provide
additional blast resistance, (2) a conventional residential base-
ment with a reinforced concrete overhead slab, and (3) and expe-
dient, would pole-type personnel shelter. -

The first category shelter was found to be only marginally
effective even in the zone of light blast damage. The probability
of people survival in such a shelter is strongly dependent on
the probability of ignition and the probability of fire suppres-
sion. Such a shelter is not recommended in fire-prone zones
without substantial countermeasures. Category 2 personnel shel-
ter is quite.effective in zones of light to moderate damage and
requires only limited countermeasures. In zones of severe blast
damage, and due to large quantities of burning debris, the effec-
tiveness of this shelter is substantially diminished. Significant
countermeasures are required to maintain its effectiveness. The
expedient, pole-type shelter proves to be the most effective of
the three shelters studied. This shelter has the advantage of
being sited in open areas away from potential debris zones, thus
minimizing the problem of burning debris in its immediate
vicinity. 1

With the completion of this study the groundwork has been
laid for the development of a consistent, formal methodology .

for estimating the probability of people survival in a blast-
fire environment.

e
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1. INTRODUCTION

NP

This research effort was performed to assess the value of
existing blast/fire/people survivability data and to formulate a
systematic approach for evaluating personnel survivability in a
blast-fire environment. This initial study concentrated on
detailed analyses of local groupings of residential structures
within a city subjected to the effects of a 1 MT nuclear near- |
surface burst; and, the implications of the resultant blast i
damage and fires on people survival within three types of below
grade shelters. In the study, blast was considered to cause
potential shelter damage; and, to modify fire initiation, fire
intensity, and fire spread within and between buildings.

Existing computer models for debris transport and fire
behavior were modified as necessary to incorporate the current
state of knowledge in each aspect of the study, and were supple-
mented with past debris fire experimental data, where no analytical
models exist,

Blast damage, debris transport, fire effects and people
survivability are treated in that order in the chapters to follow.
While presented sequentially, each facet of the problem is
examined in manner providing the data required for subsequent eval-

uation of blast/fire/people interaction in an attack environment.




2. BACKGROUND

The development of high-yield nuclear weapons has resulted
in considerable effort toward assessing casualties and damage in
populated areas exposed to nuclear weapon attacks. The effects
of fire, prompt effects, and fallout have been studied. Concur-
rently, various passive and active defenses against these effects
have also been considered. Studies of nuclear weapon effects en-
vironments have traditionally attempted to assess blast and fire
effects as though each were relatively independent of the other.
In fact, some damage assessment has been based on the premise that
blast creates a central zone in which fire behavior is superfluous
and that beyond this zone, blast can be neglected and fire damage
assessed by using fire spread characterizations based on undamaged
structures.

Unfortunately, this philosophy has carried over into studies
of personnel survivability where again, blast and fire have been
treated as only casually related phenomena whose effects can be
summed to produce tallies of casualties. Perhaps this separation
of effects has occurred due to the differences in the disciplines
represented by those attacking each aspect of the problem. This
however merely excuses but does not justify the separation. At
one time, arguments could be put forth that the state of the art
for assessing individual effects was so poor as to preclude use-
ful quantitative considerations of more complex interactions.

At the present time this certainly is no longer a valid reason.
Enough work has been done to allow the problem to be treated in
a rational manner.

Civil defense planning must ultimately rest on the cost-
effectiveness of a total civil defense system. Reliable pro-
cedures for determining cost-effectiveness must treat combined
weapon effects. The purpose of this chapter is to review

the interaction of blast and fire as it affects people survival




in a nuclear weapon effects environment as background to this study

which had the following objectives.

e Assess the value of existing blast/fire/people surviva-
bility data and formulate a systematic approach for
evaluating personnel survivability in blast/fire environ-
ment.

e Perform a detailed analysis of a local grouping of struc-
tures including shelters (which could be of conventional
or expediently upgraded construction) and estimate people
survivability when subjected to a nuclear weapon environ-
ment.

2.1 Blast-Fire Interactions; Phenomenological

Although interaction implies that two or more phenomena are
operating at the same time, this discussion will broaden the def-
inition to include conditions where blast effects have a later
influence on fire behavior. Before embarking on this discussion,
it should be pointed out that the degree of interaction will vary
greatly depending on the general land use, structural types and
occupancies being considered.

For low to moderate blast damage, phenomenological inter-
actions between blast and fire can be conveniently categorized
as the effects of blast on:

e Fire initiation

o Fire buildup and internal fire spread in damaged
and undamaged buildings

e Fire intensity and external fire spread between
and within damaged and undamaged bnildings
As increased blast begins to destroy the identity of buildings
and distribute debris over increasing areas, these categories

gradually become:

T err—
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® Fire initiation

@ Fire buildup in debris

® Fire spread through debris

o Fire intensity

® Fire spread between debris areas

Depending on the overpressure, the mix and arrangement of build-
ings in any given area, both groups of descriptors may apply as
certain structures remain relatively intact while others may be
widely scattered.

2.1.1 Effects of Blast on Fire Initiation

Kindling materials are most susceptible to ignition by the
thermal pulse from a nuclear weapon detonation. The most common
of these in urban areas are room contents such as upholstered fur-
niture, paper, and window coverings. Their ignition is usually
described in terms of the total heat pulse received by the ex-
posed material, not the fraction received prior to ignition. The
minimum value of this pulse that causes ignition is called the
critical ignition energy and varies with weapon yield. In study-
ing blast-fire interaction effects on ignition, two parameters are
of particular interest, these are the maximum thermal flux and the

time of the thermal maximum. The latter represents for all prac-

tical purposes the time when the ignition takes place and can be

used to determine the preburn time before arrival of the blast wave.

Figure 1 shows the expected preburn time for materials located at
regions of 4 and 6 psi overpressure for weapon yields between 1 and
100 MT. The amount of flux delivered to the material before ar-
rival of the blast wave is also shown. This amount, as shown in
Figure 1 for the 4 psi region, is at least 60 percent of the total
which represents all energy of significance to ignition of the
exposed material. Thus, the blast wave can be assumed to arrive
after the delivery of the thermal pulse in much of the region of
interest, certainly in those areas of low to moderate numbers of
ignitions. This simplifies the correlations of blast effects and

any possible theoretical analysis.

:




8 PerFent of thermal energy delivered before blast
arrival at § ps; region l -

Time, seconds

b—
-

1 ] ] ] ] | I | ] 1 |
1 2 3 L 6 8 10 2 3 4 6 8 100

Weapon Yield, MT

-

Figure 1. Times of Arrival of Thermal Energy and Blast Wave for
Surface Bursts
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An indication of possible blast wave velocities required to
blow out the ignitions can be obtained from the studies conducted
by Dahl (Ref. 1). 1In these studies ignited materials were sud-
denly subjected to airflows to determine which, for a given preburn
time, have 50 percent probability of blowing out the fire. The
results obtained by Dahl indicate that the magnitude of the
threshold velocities increased as preburn time increased or dura-
tion of the airflow decreased.

Blast wave effects on primary ignitions were also considered
for kindling fuels during full-scale tests of Operation Buster
(Ref. 2). 1In this connection, a most interesting observation was
the total consumption of some fuels by fires prior to the arrival
of the blast wave. One could expect similar situations with thin
window covering materials exhibiting rapid spread of flames.

More recent efforts (Ref. 3) to study blast enhancement or
extinguishment of ignitions utilizing a shocktube indicated that
flaming combustion was extinguished by overpressures exceeding
2.5 psi although smouldering combustion survived all overpressures
capable of being produced by the facility (8 psi maximum with
limited positive phase duration). In subsequent field tests,
liquid fuel fires survived 5 psi overpressures from detonation

of high explosives (Ref. 4).

Fires resulting from blast induced ignitions such as those
from electrical short circuits, overturned appliances or ruptured
gas lines are called secondary fires. The importance of secondary
ignitions to the overall fire problem has been debated for the
past 15 years. For example, McAuliffe and Moll (Ref. 5) have sug-
gested a frequency of occurrence of 0.006 secondary ignitions per
1000 ft2 of total floor area damaged by at least 2 psi blast
pressure. This value has been criticized as being too high. Two

factors, however, make consideration of secondary fires necessary.
The first of these is that some secondary ignitions will occur
in areas where natural structural array, atmospheric conditions
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or countermeasures bive reduced primary ignitions to a negligible
level. Also, since shelter structures represent a very select
and critical category, their individualized occupancies must be
examined for susceptibility to secondary ignitions. This will
probably involve a fairly detailed evaluation of the blast re-
sponse of the structures and contents. Figure 1 shows that the
blast arrival from any given weapon detonation was usually too
late to significantly aid in exposure of kindling to the thermal
pulse of the same weapon. However, for multiple bursts, blast
effects ranging from the removal of windows to the rending of en-
tire structures will enhance the probabilities of ignition. Alter-
nately, burst height and time between bursts could be such that
dust clouds raised by the first weapon may attenuate the thermal
pulse of later detonations.

2.1.2 Effects of Blast on Fire Buildup and Internal Fire Spread

For structures which have retained some semblance of their

original geometry, a significant event in fire development is the
occurrence of room flashover. This total involvement of a room
in fire is usually coincident with the start of measurable ex-
ternal effects (exposure of nearby structures) as well as with
the onset of rapid internal fire spread. The phenomena of flash-
over have been considered in several past studies (Ref. 6, 7, 8).
These studlies produced some interesting observations which may
shed some light on possible blast wave effects.

For a flashover to occur the fire must involve room items
of substance, such as upholstered furniture, beds, etc. When
ignited in a manner simulating the thermal pulse, these items have
shown the following fire behavior. First, the combustion con-
tinues actively in areas where mutual support leads to conserva-
tion of heat produced. This is then followed by fire penetration
into the item interior with a speed governed by the general makeup
of the item. Finally, upon fire penetration throughout the in-
terior spaces of the item, it rapidly becomes totally involved
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in flames. Although these observations were obtained from an
ignition simulating that produced by a weapon pulse, similar be-
havior may be expected with localized heating such as that pro-
duced by a burning window covering in contact with the item.
Here, however, time of fire development of the item will also de-
pend on the burning behavior of the window covering.

As noted, the progress of the fire within the item depends
on the makeup of the item. This makeup can be altered by blast.
It will also be influenced by extermnal air currents, such as may
develop between the burning items and adjacent walls or objects.
Blast waves may change these air currents by either overturning
or redistributing the furniture items. The effect of such changes
will be primarily to delay or advance the flashover time. At this
time, no information is available regarding this matter.

In addition to depositing light ignited items such as cur-
tains on more substantial fuel sources such as beds, etc., the
blast wave may tend to cluster the fuel items (Ref. 9). At over-
pressures where structural damage takes place, added combustibles
and/or noncombustibles will be deposited over the ignited items.
Little data are available pertaining to this fire situation, how-
ever, some was included in work unit 25341 mentioned previously
(Ref. 3).

Following room flashover, fire spread between rooms and
throughout the structure will depend on the nature of the resis-
tance offered by structural members. This subject has been dealt
with for many years in connection with providing proper fire pro-
tection for peacetime situations. Procedures have been established
for measuring the fire resistance ratings of structural components.
Some additional information has been obtained during IIT Research
Institute (IITRI) studies (Ref. 10) which included development of
techniques for interprecting the rating data in terms of fire

spread.
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A blast wave can modify fire spread between rooms or floors
of a building in several ways. Moderate blast damage will tend

to promote rapid interior fire spread by breaching barriers or by
increasing fuel availability due to splintering of combustibles

and removal of noncombustible cladding. Higher damage levels may
result in slower fire spread due to blanketing with noncombustible
debris. A small amount of quantitative data on fire spread in

blast damaged structures was gathered in the field burns conducted
for OCD Work Units 2534E (Ref. 11) and 2562B (Ref. 12). i

2.1.3 Effects of Blast on Fire Intensity and External Fire Spread

For those situations where blast has caused structural modi-
fication conducive to an increased rate of fire spread, an in-
crease in the level of fire exposure to nearby structures can be
expected as all portions of the burning structure will tend to
peak intensity at nearly the same time. Tending to counteract

! this will be an earlier collapse time for some structural types
which will shorten the duration of high level exposure. Besides
the effect it has on duration and inteusity, blast damage will
bare combustibles in unignited structures to the exposing fires.
Blast damage will make the unignited structure more vulnerable

to fires in exterior kindling fuels which otherwise might not L
' penetrate to the interior (Ref. 10). 1In a similar vein, blast
rearranged exterior fuels and structural debris may form bridges

for fire spread where otherwise no jump would occur. An increased
tendency to produce firebrands can be associated with moderate
blast damage. Also, blast certainly renders unignited structures

more susceptible to brands by removing barriers (windows, roofs,
etc.) to brand penetration of the structural interior. Unfor-
tunately, most understanding in this area is qualitative

i although small amounts of pertinent data have been gathered (Ref.
' 11, 12, 13, 14).
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2.1.4 Effects of Blast on Debris Fire Characteristics H

The importance of debris fire characteristics increases as
one considers shelter spaces affording increased blast protection
to the occupants. Debris fires can cause direct heat transmission
through shelter walls and roof. Probably more difficult to counter

is the exposure of fresh air intakes to carbon monoxide and hot
fire gases. Knowledge of the duration and intensity of the debris

fire is of extreme importance in assessing the total exposure and
in the design of countermeasures.

In the early 1960's, no information was available on the
temperature and duration of debris fires created by combined
blast-fire effects. Some temperature information did exist from
probings of the debris piles resulting from burned out buildings.
However, these debris piles had little combustible content and
should behave quite differently from blast-induced debris. 1In
addition, no general downward heating capability was defined.

One measurement of heat transmission through a shelter roof was
obtained for a nonblast damaged structural burnout in

1966 (Ref. 14). Shortly thereafter, information was generated on
heat transmission for several moderate area debris piles placed
over a concrete slab and burned in the IITRI Fire Research Lab-
oratory (Ref. 15). Within this study (OCD Work Unit 1134A) was
one piece of field data from the burnout of a debris-loaded real
structure. Although the quantity of these data were limited,

they were analyzed and generalized so that approximate calcula-
tions could be made of heat flow through a concrete slab for
various postulated debris fires (Ref. 16, 17).

Much more definitive data on heat and fire gases in a debris
field were collected with the large-scale fire test structure
built under OCD Work Unit 1135A (Ref. 18). Debris fires were ]
burned (Ref. 19, 20, 21) representative of residential, mercantile,
office, auto park, and library occupancies at moderate damage
levels (contents and weak wall debris). Data on residential oc-
cupancies were extended to include very light damage (windows) \J

10
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to major destruction. The latter included debris representative
of a row of two-story structures distributed by the 5 psi over-
pressure blast wave of a 1 MT surface burst.

The large-scale experiments were augmented by development of
an analytical model of heat flow through the shelter ceiling slab
and conduct of a series of small segment tests. In addition, several
large-scale tests employed well defined debris patterns of lumber
and gypsum strips to assist in developing techniques for predict-
ing the effects of other debris densities, depths, and compositions.

Large-scale experiments were conducted to assess the specif-
ic effects of nonuniform debris distribution and countermeasures
to reduce heat penetration through the shelter envelope. Also
experienced were the increased heat and gas effects of low venti-
lation of the fire area. Simple countermeasures were devised to
counteract blast damage (cracking) of the shelter ceiling. The
experiments not only define heat and gas inputs to the shelter
but establish the importance of a detailed description of the
nature of the debris pile (void ratio, noncombustible content,
etc.) in defining its fire duration and intensity of exposure.

2.2 Blast-Fire Interactions; Operational Effects

One need only to start a chronological listing of the events |
of a nuclear attack to realize the many modifying effects of each j
event on all those that follow.

2.2.1 Building Contstruction or Upgrading Period

Among the events of importance are some which may occur
years, months, or days before the attack. Of obvious inclusion
is the building construction or upgrading period during which
slanting or expedient upgrading techniques may be employed to
harden a shelter space against blast, thermal, or fallout effects.
The cost-effectiveness of slanting is, in fact, a prime informa-
tional need of the Federal Emergency Management Agency (FEMA).




Slanting for fire effects has been considered in several studies
(Ref. 22,23,24) and costs of a number of such shelters are avail-

able in fair detail.

Of more immediate concern are the shelters for key workers
remaining in high risk areas. Such shelters would consist of the
better classes of basements, upgraded (expediently) to the ex-
tent necessary to provide protection against the direct and in-
direct effects of a nuclear weapon environment. The indirect
effects would include postevent fires. It is a useful exercise
to evaluate the effectiveness of such slanted and upgraded shelters
in a combined blast-fire enviromment.

2.2.2 Preattack Period

In the more immediate preattack period, there are a large
number of factors which will have major effects on subsequent
events and levels of survival. Of prime importance is warning
time. Awareness of a high probability of imminent attack can pro-
vide time for preattack countermeasures. Leadtime warning of
actual attack will have a great influence on population location

at the time of weapon delivery. Preattack planning and organiza-
tion will have a marked effect on the efficiency with which the

warning leadtime is used.

Although a systematic study has yet to be made of all pos-
sible preattack countermeasures that could be taken, a number of
studies are pertinent. A great many preattack precautions for
reducing the incidence and impact of fire were defined by Moll
(Ref. 25). Most available data were reviewed by the Naval Radiologi-
cal Defense Laboratory (NRDL) in 1965 under OCD Work Unit 2241B.

2.2.3 Attack; Immediate Effects

Obviously, the detonation of a nuclear weapon(s) creates a
whole new envirommental framework in which later phenomenology

and operations must be assessed. Many of the changes are rather
instantaneous and are called immediate or direct effects. These




include blast effects and blast-fire interactions involving ig-
nitions. Studies of the response of both structures and the

population to the immediate effects (due to location) can be used
to describe:

immediate casualties

survivors available for counteraction and rescue
survivors requiring rescue

number and location of firestarts

degree of damage to structures

amount and location of debris

In these terms, both the operational limitations and initial
environmental restrictions are defined for the postattack period.
Many studies and disciplines contribute to this definition.

2.2.4 Postattack Period

Study of the immediate postattack period becomes one of
careful tradeoffs between fire suppression and rescue as con-
strained, first locally and then generally, by fire debris and
fallout. As a prerequisite to study of this period, the popula-
tion must be categorized as killed, injured, trapped, trapped and
injured, or undamaged. The number in each catetory is determined
by applying immediate effects of the attack to the population
as distributed by preattack planning (or lack of same), warning
time, and shelter availability.

Although blast damage and fallout contamination place im-
portant limitations on the operational aspects of the postattack
period, the heart of any evaluation of this period must be a de-
tailed time-oriented fire spread model. The magnitude of infor-
mation to be handled and the degree to which it must be manipulated,
immediately direct attention to a high speed computer for such a
study. Mechanistic models offering a fair amount of detail on
fire buildup and internal structural spread were developed for

RO Vo




FEMA by IITRI in the past (Ref. 26,27).* Fire defense codes (Ref.
28) were added to permit inclusions of effects of firefighting.
Inputs that define surveillance requirements for fire security
were developed for NFSS structures (Ref. 34) and provide further
input to study of this period. Many of the constraints imposed by
debris are developed in Reference 35.

It is quite obvious that debris is a major constraint
to general firefighting, specific shelter protection, and rescue.
Although early studies of debris were limited to descriptions of
production with little analysis of transport, later studies
(Ref. 20, 36, 37) provided means to estimate debris distribution

in more detail.

A first attempt at the problem described is presented in the
following chapters of this report.

*
IITRI has maintained its leadership role in the development of
fire models through programs sponsored by the National Bureau of
Standards (Ref. 29,30,31,32) and the Products Research Committee
(Ref. 33). The IITRI RFIRES code is recognized as offering a
practical detailed working room fire development model.

14 |
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3. APPROACH TO DEBRIS CHARACTERIZATION

A fairly simple model was used to describe typical urban
areas. Urban areas were modeled by blocks with only one type of
structure on any block. All of the structures on any given block
were assumed to be essentially identical. The blast environment
was assumed to be identical for every structure on the block.
Thus, analysis could be performed for one structure, and the
results could be superposed to describe an entire block.

Only one blast environment was used for each structural
type. The minimum, peak, free field overpressure which would
produce collapse of the structure was determined using previous
work and some structural analysis. The blast environment chosen
was one compatible with this overpressure and a one megaton
surface burst.

Every debris piece in the structure was then cataloged.

That is, a postblast size and shape were determined and ten
parameters were calculated and listed for each piece.

From this point, the bulk of the debris pile analysis was
performed by three computer programs, TRAJCT, RANGER and BLOCK.
TRAJCT determined the trajectory of a debris piece in the given
environment and calculated the probable distribution of a group
of similar pieces. RANGER used these distributions to determine
the debris pile from a single structure. Finally BLOCK superposed
the results of RANGER to describe an entire block.

3.1 Analytical Model

In addressing the primary objectives of the subject project
particular attention was focused at the identification and
formulation of realistic, but not unduly complex, analytical
approaches. The broad scope and nature of the problem dictated
the implementation of a simplified rational analysis that could
adequately account for the different proposed building scenarios
and the major independent variables. In this process, a number

15




e ———

s P —

R

of simplifying assumptions were made that facilitated both the
debris data processing and analysis. The inclusion of
probability treatment of the model parameters allowed for the
determination of expected value results and their dispersion.
This feature, in our judgment, imparted to the study not only

an economical approach but also a greater degree of credibility
and usefulness than a purely deterministic solution; this is

due to the fact that the blast-fire scenarios under consideration
are largely hypothetical and subject to variations in weapon
parameters, Structural properties, and the urban environment.

It was felt that if some overall rational conclusions
could be reached from this initial effort with regard to a
general characterization of blast-fire interaction trends and
the sensitivity of results to input variables, the research
would have accomplished its purpose. In addition, the develop-
ment of a generalized computer model to generate blast induced
debris distributions has produced an analytical tool
that can be used to evaluate other blast conditions and
building configurations or to study, in more detail, selected
parts of the total problem.

In the ensuing sections, the different technical aspects
of the research topic will be discussed in terms of overall
approach, underlying theoretical basis, initial assumptions and
limitations, and the required input-output for the analysis.

3.1.1 Blast

Blast induced debris transport studies have been conducted
for numerous Department of Defense Agencies with various objec-
tives. In order to avoid redundancy, it was decided to utilize,
as much as possible, a working model developed under past projects.
A computerized airblast debris analysis program that was success-
fully used on a previous IITRI project (Ref 37) was selected.




The formulation for this model is deterministic in two dimensions
and considers both drag and lift forces. Its applicability,
ready availability, ease of use, and relatively quick computer

turnaround influenced the decision.

The governing equations of motion for the horizontal and
vertical directions of a debris piece may be written as

W

e dV _
z dt - Fa (1
and
w B
e dU _ _
S a s - WY (2)
where
V = horizontal velocity of debris
U = vertical velocity of debris
W, = weight of debris
Fg = horizontal drag force
F, = vertical 1lift force
t = time
g = gravitational constant
The aerodynamic forces are expressed as
Fy= %0 Cq A (W-V) |W-V| (3)
and
% F, = %0 C, A (W-V)|W-V| (&)
_:g_ where
} W = blast wind velocity
1 o = air density
2 Cq = drag coefficient
f Cy, = lift coefficient
A = maximum projected area




The blast wind velocity, W, is estimated as (Ref 38)

e _ Kt'
W= WO (1 - t—) e tO (5)
o
where
W, = peak wind velocity
t' = time measured from shock passage
to = positive phase duration of dynamic pressure
K = exponential coefficient

As expressed in equations (3) and (4), the aerodynamic
forces are related to the relative air velocity. These forces
are a function of the size, shape and instantaneous orientation
of the debris piece. These effects are accounted for by an
appropriate drag or lift coefficient. The angle of attack B’
will be equal to the difference of the orientation angle and

the relative flow angle, o',
' =B - a' (6)

however, in order to simplify the equations and the subsequent
calculations the dependence of the angle of attack upon the
relative flow angle was neglected. This assumption is bqsed
upon the fact that the relative air velocity will generally be
horizontal (i.e., U << (W-V)). It is expected that the vertical
velocity will always be rather small, however this assumption

did not prove correct for those cases where the shape factor, S,
(the ratio of minimum projected area to maximum projected area)
was very small. If the relative air velocity is small, then

the aerodynamic forces are small and this assumption becomes
unimportant. In the final analysis the neglect of the relative
flow angle in determining the angle of attack can be viewed as
an uncertainty in determining the value of the aerodynamic
coefficients. The value of the aerodynamic coefficient will
depend upon the reference projected area of the body of interest.
All coefficients were based upon the maximum projected area, A,
as used in air foil theory. Drag coefficients for nonair foil
shapes are usually based upon the frontal projected area.

C ——e -

A .
LSNP S RNPCURNY, FUE RTINS WA R SRR ¥




— . e

With this convention the drag coefficient for a nearly flat
plate (S = 0) at zero angle of attack would be approximately
zero. As the plate is rotated in either direction the drag
coefficient should increase until it reaches a maximum value
of 1.2 at an angle of attack of /2. Furthermore it should be
noted that the frontal projected area varies like the sine of
the angle of attack. Thus the following equation for the drag
coefficient was evolved.

C, = 1.2 (2 + (1-S) Sin?

q B") 7

This idealization compares well with existing drag data for
shapes ranging from flat plates to spheres. This form should
be viewed as a rough approximation and will be adequate for the
current effort.

A similar approach was applied to the determination of the
lift coefficient, C,- The following approximation was formulated

C, = (1 - S) Sin (2 8') (8)

The equation of motion for the rotary motion of the debris is

de _ M

dt I @
where

w = roll rate or angular velocity

M = applied aerodynamic moment

I = moment of inertia

The aerodynamic moment can be related to the lifting force by
assuming a point of application. Due to the absence of any
details, a nominal point of application located at the quarter
point was assumed, i.e.,

8
M = IFE (10)

where § = the length of the debris. The length of the debris piece
can be related to the size of the debris peice by assuming that

§ =\/A (11)
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Finally the moment of inertia can be approximated as:

2 52 4+ 1) W, (12)

I1=0.2¢$

Since the debris will exist in a wide variety of shapes the
above form represents an average or nominal value. Its use
should be reasonably good for most shapes. The orientation of
the debris during free flight is given by the kinematic

{ relation

. _ ds

w=9 (13)

The above equations, together with the initial conditions
completely define the free flight motion of the debris piece.

When the debris piece strikes the ground surface, it is
quite possible that it will bounce after losing some of its
[ kinetic energy. The model's simplified treatment of the debris
: inpact assumes that with each bounce, 75 perceuni: of its vertical
' and horizontal energy will be lost, i.e., horizontal velocity
is halved and vertical velocity is halved with a change of sign.

1 The number of allowable bounces is specified as input.

The required input data for the debris blast translation model 7

consists of the following:

-

weight of debris (1b)

maximwn projected area (AMAX)

aspect ratio (AMIN/AMAX)

time of separation (sec)

initial horizontal velocity (ft/sec)
initial vertical velocity (ft/sec)
initial height above ground datum (ft)
initial orientation angle (rad)
initial roll rate (rad/sec)

shock velocity (ft/sec)

. peak wind velocity (ft/sec)
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. positive phase duration (sec)

—
w

. number of allowable bounces.




As shown above, the input must be specified in pound, ft,
sec units. It was decided to ignore any initial debris collapse

displacement and velocity, since their effects are expected to
be negligible. The computer model assumes a drag coefficient
of 1.2 and an airblast density of 0.1 1b/ft3, which may be

i considered as generally representative values. The computer
model does not treat the interaction of debris pieces in flight,
f is limited to a directional blast and neglects local effects.

3 The output variables which are printed every time step are:

time

horizontal velocity of debris

vertical velocity of debris

blast wind velocity

absolute relative velocity

debris horizontal distance

debris vertical distance
debris roll angle

‘ . debris roll rate

O 00 N O W

The output units are consistent with the input data in the i
‘ pound, ft, sec system.

A simple problem was executed with this computer model to
check its operation. Various diameter solid steel spheres were i
analyzed for trajectory response at an intial 80 ft elevation j
above ground under the following blast condition (1 MT): %

'
free field pressure: 5 psi
shock velocity: 1600 ft/sec
peak airblast velocity: 240 ft/sec
» positive phase duration of dynamic pressure: 3 sec

An inverse relationship between horizontal trajectory
distance range and sphere diameter (or weight) was exhibited, as

expected. These check results compare favorably to blast debris

data published in Reference 39. This comparison is illustrated ;
in Figure 2. The time passage until the spheres first reached {

JOPOREP._ s




7T T T T T T T

T 1
1

Reference 39 -

~
150 r—

Range (Horizontal Distance - ft)

100} - —
p— -4
L ]
- -
500 Blast Model
= 3
— .
i , p
0 1 | I ] 1 | ] 1 I ] 1
0 2 4 6 8 10 12

By -

Sphere Diameter (in.)

i Figure 2. Sample Blast Debris Analysis Results




the ground also matched with the expected free fall time, namely
vY2(80)/32.2 = 2.23 sec, irregardless of sphere weight. This | 1
sample problem together with the work documented in Reference 37

demonstrated the overall credibility and accuracy of the

selected debris transport analysis model for the purposes of

this project.

3.1.2 Probability

As discussed earlier, it was decided that a purely
deterministic approach to the debris transport analysis would
not only be somewhat unrealistic, but also would be beyond the
scope and budget of this research effort. This conclusion
was reached due to the high number of individual debris pieces
possible in an urban environment along with the uncertainties
associated with the blast loading, the structures, and their
physical arrangement. Therefore, a statistical algorithm was
developed, programmed, and added to the transport model to
extrapolate the results of a limited number of debris trajectories
to a more general expected final distribution. As indicated
in Figure 3, the computer model is structured such that the
executive program controls the input-output, the statistical

computations, and the multiple subroutine's call to the

deterministic blast debris analyzer described previously. This

type of approach had not been attempted to date and, thus, 1
represents a novel technique.

The input parameters for the combined probabilistic blast
model are the expected values (means) and coefficient of varia-
tion (standard deviation/mean) for:

1. debris weight

maximum projected area

minimum projected area

initial height above ground datum
initial orientation angle

peak blast wind velocity
positive phase duration

W N & U &~

shock velocity
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EXECUTIVE

input-output
statistics

DEBRIS TRANSPORT ANALYSIS
deterministic

Figure 3. Probabilistic Blast Debris Analysis Computer Program
Structure

All this input corresponds to the parameters required for the
blast analysis described previously. 1In addition, the number of
allowable debris bounces on the ground must be specified as

well as a differential increment. The input of an expected value
and a measure of dispersion characterizes the probability
distributions for each of the principal debris transport variables.
The differential increment is used in a numerical partial
differentiation procedure to be described later.

The two major output variables of the integrated computer
model are the range (horizontal distance traveled from the
initial position) and time to rest of the debris fragments. The
nominal value, expected value, variance and standard deviation
for both are calculated as well as the fractional contributions
of each input parameter to the total variance of range and time.
A basic assumption made in the statistical formulation was that
all the input variables are independent of each other, thereby
eliminating the need for cross correlation terms. This
assumption is quite realistic since there does not appear to
be much interdependence between, for example, the weight of
the debris and the blast wind velocity or maximum projected area,
etc.
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The analytical formulation of this hybrid stochastic-
deterministic model will now be outlined. The expected values
(ii) and coefficients of variation (oi/ii) for each input variable
(i =1, n) are specified. The variance of a given parameter,
such as range, R, for example is computed as:

n 3R 2
V(R) = .i (3;1) V(x;) (14)

i=1
where x; are the independent variables

The nominal range (i) and the time (%) are computed from the
deterministic debris trajectory analysis on the basis of the
expected values of the input variables (ii). The input
differential increment, Ax, is used for the numerical partial
differentiation scheme. The iEE input parameter (i = 1, n)
is then set to its upper (XiH) and lower values (xiL) by:

Xig = (1 + ax) ii (15)

X4 (1 - Ax) ii (16) ’

The Jeterministic trajectory solver is then called upon repeatedly
to compute the upper (RiH and TiH) and lower (RiL and TiL)

H’ all
others ii) and (x;; all others ii), respectively. Only the i £h

input variable is changed while the remaining parameters remain

values of range and time corresponding to the input (xi

at their mean values. The first and second partial derivatives
may then be obtained according to the following equations (Ref 40):

ar_ _ Ryy - Ryp) (17)
X, -

1 (2)(&x) (xy)
st _ Tig - Tyg) (18)

@) (%) Gy *
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2 _ (RiH + RiL - 2R)

3R

= - (19)
axi2 {(Ax)(xi)}2
o2y _ (Tyg + Ty - 2D (20)

2 () ('))?

This process is repeated for each input variable until a

full set of first and second partial derivatives of range (R)
and time (T) with respect to each independent variable are known.
The final step in this procedure involves the determination of
the expected range (ER) and expected time (ET), their variances
(VR and VT), and the fractional contributions (PRi and PTi) of
each input parameter to the total uncertainty (variance) of

the range and time. The applicable equations are:

- n o[ 42g
ER=R+ % I —s |V, (21)
j=1 | %5204
n 2
ET =T+ % I %412 v, (22)
i=1 | °%icf ?t
n 2
VR =3 (%%.) v, (23)
i= i
n 2
_ D [er
VT iil (axi) vy (24)
R |2
3xi v,
aT |2
0X. | v.
PT; = ;; * (26)
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The expected values and variances of the range and time define
the relevant probability distributions for the debris. The
fractional contributions to uncertainty (PRi and PTi) can
serve to identify input variables which are the most and least
critical to the analysis.

In checking the full probabilistic debris trajectory model,
numerical difficulties were experienced at first. These
essentially stemmed from the debris trajectory algorithm's
formulaticon for ground capture of the debris piece and the
sensitivity of the results to the specified differcntial
increment, Ax. The model's computations of debris trajectory
range and time for ground capture depended on an assumed number
of bounces that the piece would experience prior to coming to
full rest. Thus, certain assumptions were made with regard to
the type of impact with the ground and the percentage of kinetic
energy loss with each bounce. Furthermore, the final range and
time values were taken at the end of the first time step after
the ground surface had been penetrated by the debris piece. If
a piece was just above the ground surface, it would have a
slightly greater range and time then one that would just
penetrate the ground surface at the end of a time step. The lack
of finer resolution in these computations, while usually of
neglible proportions since the integration time step is rather
small, nevertheless, had an adverse effect on the statistical
algorithm. Very small inconsistencies, such as those in defining
a more exact range and time for debris ground penetration,
contributed to the irregular nature of the numerically computed
first and second derivatives and the statistical results.

The first corrective action to be implemented consisted
of reducing the number of bounces to full capture of the debris
piece from 5 to 1. Afterward, a linear interpolation scheme
was programmed to backfigure the more accurate range and time
for initial ground surface penetration. These twomodifications
to the trajectory analysis routine greatly improved the statisti-
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cal computations. Even though very small differential increments
still produced more questionable answers, increments from
approximately 3 to 20 percent resulted in consistent and
reasonable model output.

An attempt was made to further refine the trajectory
analysis with parabolic interpolation in place of linear. This
change produced results, however, that were comparable to those
for the linear interpolation scheme in the range of differential
increments of 3 to 20 percent but produced worse results for
small increments. Thus, parabolic interpolation was discarded.

An alternative method to calculate a more accurate range
and time is ''recomputation' using a reduced time step. Whereas
linear interpolation uses the values at both the beginning and
the end of a full time step to compute the refined answer, the
"recomputation' scheme uses only the available information at the
beginning of the time step to determine the actual values of
range and time. When the debris piece is just about to penetrate
the ground surface, the actual time increment required for it to
reach ground is computed by
-Y
ar = —= ‘ (27)
U

where

ot = reduced time step to reach ground

Yo = vertical distance, above ground at previous full
time step
U = vertical velocity of debris

The actual range, R, and time T, are then defined by

R

]

R, + Vit (28)

and
(29)
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where

e
]

range value at previous full time step

V = horizontal velocity of debris

3
"

time value at previous full time step

This recomputation method yielded comparable results to linear
interpolation.

"

Debris Piece
i Yo

Fipure 4. Debris Piece at Position Ro’ Y0

After this fine tuning of the debris model, the number of
bounces that could be allowed was studied. It was found that
with the aforementioned recomputation method, the assumption of
five bounces likewise produced some erratic statistical results.
The assumption of two bounces produced an expected range and time
fairly similar to that for the five bounces with a somewhat better
conditioned output. Apparently, the statistical model is quite
sensitive to sudden, discontinuous energy-motion changes, such
as those that occur upon impact with the ground. The one bounce
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immediate capture assumption produced answers that - _e the most
stable for various differential increments. The two bounce

T
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assumption provides a larger range and time that may be more




realistic in some cases. More than two bounces does not seem to
significantly change the range-time answers but does tend to
prolong the computations and to confuse the statistics.
Therefore, it was concluded that the finer tuned trajectory
model (either the linear interpolation or recomputation)
coupled withone and/or two allowable debris bounces will produce
reliable and consistent debris distributions for this project.
The "recomputation' method was actually used in analyzing the
debris.

3.2 RANGER Theory

RANGER determines the configuration of a debris pile from
one structure. The final horizontal position of each debris
piece is determined by adding the blast-induced translation to
the initial position of each piece. Times of arrival of
every piece with similar final horizontal positions are compared
to determire final vertical positions. RANGER uses the semi-
stochastic output of the TRAJCT program to vary the blast
translation of similar debris pieces.

The structure is divided into groups of debris pieces which
have similar blast translation characteristics. An example
would be sections of wall with similar postblast sizes, with
the same shape, size, density and preblast height. The relevant
blast translation results for the entire group would be described
by the Expected Range (ER), and Expected Time (ET), and their
respective standard deviations, SDR and SDT; all four are output
values of TRAJCT routine and have been described earlier.

The ER of a group of debris pieces is the most likely |
distance to be traveled by any member of the group. The SDR
measures the probable distribution of ranges seen in a large
population of debris pieces with the same TRAJCT input parameters.

If the blast-induced ranges have a normal distribution about
the ER, then the ER and SDR can be taken as.the mean range and

ntn e et

the standard deviation of the range. While blast translations

R e Y

do not always fit a normal distribution, it was felt that within
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the accuracy of this study and for carefully selected debris
groups the assumption of a normal distribution was acceptable.
Selection of debris groups to fit these standards is described
elsewhere.

The range, R, given each debris piece in a group is given
by the equation:

R = ER + z (SDR) (30)

z is a coefficient derived from a table of the standard normal
distribution which contains values of A(z), where

2

L 42 e "1/2 x dx (31)

A2 = 7 g

A(z) is the area under the standard normal distribution from
zero to z; therefore the values of A(z) define the distribution
density of a normal population about the mean. The RANGER
routine uses 300 values of A(z) evaluated for z = 0.01, 0.02,
0.03,..., 3.00. The values of A(z) were taken from Table IIIX
of John E. Freund's Mathematical Statistics (Ref 41). For a
debris group of N members, an algorithm picks N/2 z's for
equation (1). The z's chosen are dependent only on the size of
the debris group and the shape of the distribution curve. For
each z, two different ranges are calculated.

R1

ER + z x SDR (32)
and
R2 = ER - z x SDR (33)

Each range calculated is given to a different member of the
debris group. This provides for a distribution of ranges through
the group with a mean value of ER and a standard deviation of
approximately SDR.

RANGER uses two coordinate systems to describe debris posi-
tions. The first is a real number coordinate system defined by
horizontal X and Y axes. The second is an integer system with I
and J axes which are parallel to but offset from the X and Y
axes. The X-Y system is measured in feet and is used to define
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the initial and final position of the center of gravity of a
debris piece. The I-J system is used to describe the postblast
debris pile. The I-J coordinates describe a grid of unit i
rectangles. The X and Y axes should be chosen so that the entire |
postblast debris pile has positive coordinates.

The horizontal blast translation of a debris piece is
described by a range and an angle. 1In this version of the
program, the angle is fixed for the entire structure. The

trajectory of a debris piece was assumed to be paralled to the
direction of blastwave propagation. The blast angle required
for the RANGER routine is the angle in degrees from the positive
X-axis to a line parallel to the blast direction.

The postblast position of the center of gravity of a
debris piece is calculated by vector addition of the range to
the initial X-Y position. These final X-Y coordinates are then
computed into I and J coordinates using the formulas

ICG

X/XUNIT + 3
Y/YUNIT + 3

JCG

where XUNIT and YUNIT are the X and Y dimensions in feet of

the I-J unit rectangle. The constant, 3, shifts the I and J axes
two unit rectangles away from the X and Y axes to ensure that all
debris pieces remain within the field described by the program.

To describe the debris pile, RANGER lists all of the debris
pieces which either partially or fully cover each unit rectangle.
The routine assumes that the debris piece comes to rest with
its largest face horizontal. 1In this case, the piece would cover
an area equal to the TRAJCT parameter, AMAX. RANGER calculates
the number of unit rectangles covered by the debris piece, then
assigns parts of the piece to the appropriate number of rectangles
adjacent to ICG - JCG.

s a

Once RANGER has iterated through the entire list of debris
pieces, it creates a list of the debris pieces at each I-J unit.
Then it sorts the list for each unit to place the debris pieces |
with the earliest times of arrival at the bottom of the pile.

This sorted listing is the final output file of the RANGER '7
routine.
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The output file of the RANGER routine is organized by grid
unit. For every unit there is a heading record which contains
the I and J coordinates of the rectangle and the number of
debris pieces at that location. For every debris piece at the
location, there is a record containing four numbers. The first
is a unique integer value to identify the debris piece. The
second is a real number which tells the time-of-arrival of
the debris piece at this location. The third is an integer
describing the type of debris (e.g., 412 could include all
wooden wall panels). The fourth number is the fraction of
the entire debris piece that lies within the unit rectangle.
The formating of the RANGER output file is designed primarily
as an input file to the BLOCK routine.

Since the RANGER routine was written for a PDP-11/45 with
a FORTRAN-IV compiler, it may require modification to run on
other machines. Specifically, it uses unformatted, direct-
access input and output, which may not be available on other
machines. On machines with a fairly large core space available,
all of these direct-access input/output statements could be
easily replaced with large arrays. The rest of the program is
ANSTI standard FORTRAN.

3.3 BLOCK Theory

The BLOCK program generates a description of the debris
pile for an entire block. It uses a RANGER output file which
describes one structure to determine the pile for a given
combination of structures. BLOCK uses the unit rectangles used
in the RANGER program to describe the block. The output file
for the program is similar in format to the RANGER output.

The current version of the program cannot be used for
blocks with a mixture of different structures, unless the mixture
can be described as the repetition of a single pattern. For
this case, the entire pattern must be input together into the
RANGER routine. For example, if every house on the block has
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a garage in the same relative position, then the entire house
and garage structure can be included in one RANGER run, and the
entire block can be described in one BLOCK run.

BLOCK uses simple superposition to determine the composite
debris pile for several structures. No interaction between
structures is considered. The program proceeds grid by grid;
first finding all debris pieces at a grid point, then sorting
them by time-of-arrival with the earliest on the bottom.

The coordinate system used for the BLOCK routine uses the
same unit rectangles as the related RANGER run. The origin
is chosen so that all areas of interest are in the
positive quadrant. Structures contributing debris need not
have positive coordinates, but only grid points in the positive
quadrant will be included in the output file.

The BLOCK output file is similar to the RANGER output file.
It contains a debris list for every grid rectangle covered by
at least one debris piece. The first record of each list

- contains the I-J coordinates of the grid rectangle and the

number of debris pieces there. The debris list has the same
format at the RANGER output file The identification number for
the debris piece names the building of origin for the debris
piece and the RANGER ID for the piece. The time-of-arrival in
seconds, a classification number and the fraction of the whole
piece are also listed.

Like RANGER, BLOCK uses unformatted, direct-access input/
output. Large arrays could be used to avoid this potential
prcblem on other systems. The program could be fairly easily
altered to handle different structures in the same block
by introducing a building type parameter and assigning a RANGER
output file to the new parameter.




4. DETERMINATION OF PARAMETERS FOR DEBRIS ANALYSIS

This study focused on four structural types:

1. Single family, wood-frame and brick veneer residence
2. Two-story, wood-frame residence

3. Six-story reinforced concrete building (nonarching
walls)

4. Eleven-story reinforced concrete building (nonarching
walls)
The architect/engineer (A/E) plans for buildings of categories 1,
3 and 4 were obtained from local sources. For category 2, the
TEAPOT HOUSE from Operation UPSHOT-KNOTHOLE (Ref. 42) was chosen,
since it allowed us a chance to compare our analytical results
with experimental ones.

For each structure collapse conditions were postulated,
then failure patterns and failure overpressures were determined.
The failure patterns were used to determine the shapes of
structural debris pieces. The sizes, shapes and other relevant
parameters were recorded in debris catalogues. Typical furniture
layouts for rooms of each structure were drawn according to the
suggestions of the architects as shown in the A/E plans.

4.1 Determination of Failure Patterns

Exact determination of a failure pattern was not possible.
Variations in material properties and dimensions of the structural
elements, differences in quality of connections and local varia-
tions in reflected overpressures and other loads combine to make
even the most intricate and sophisticated analysis subject to
large uncertainties. For this reason, a simplified analysis
plan was decided upon. The uncertainties were incorporated into
the debris transport analysis.

Fajilure patterns were postulated based on simnle analysis
and engineering judgement. Walls, floors, roof and rafters were
assumed to break at midspan or midheight. Wall members were
analyzed as simply supported plates subjected to a uniform load.
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All corners and edges were considered boundaries of debris pieces.
All windows were neglected as debris. Large appliances and

other heavy machines were also not treated, since they were

heavy noncombustibles and would not affect the fire study of the
debris pile. An example of a postulated failure pattern is

shown in Figure 5.

Figure 5. Failure Pattern for a Wall Panel

Since the exact dimensions of debris pieces were never
certain, some measure of the uncertainty had to be included. The
parameter chosen was the coefficient of variation, defined as
the standard deviation of a parameter divided by mean value of
the parameter. The coefficients of variation used were rough
estimates of the error of a measurement. For example, the exact
position of a failure line at the midsection of a wall could vary
by as much as 20 percent of the section height. This would
mean that the weight and maximum area of the debris piece could
vary by 20 percent. If the piece was three section heights
above grade, the height of the center-of-gravity could vary
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three and one-third percent. The minimum area, which is T
governed by the wall thickness, would not vary due to this
uncertainty. The coefficients of variation ranged from 0.002.

to 0.20.

4.2 Failure Modes of Multistory Reinforced Concrete Structures

For the taller reinforced-concrete structures, two different
failure modes were considered. The first was the failure of the
stiff exterior wall units leaving the frame essentially intact.

The second was complete failure of the frame. To determine
which mode controlled, the failure peak overpressure of the wall
units was calculated using a simplified dynamic analysis. This
peak overpressure was then applied to the entire structure as

a dynamic load to determine the response of the frame.

4.3 Determination of Collapse Overpressure for R/C Structures

A building in the Mach region of a nuclear explosion expe-
riences two primary loads, the diffraction load from the blast
wave and the subsequent drag load. If the sides of a building
remain intact, the blast wave will be most significant, and the
loads can be determined from the peak overpressure. After the
sides of the building collapse, blast pressures inside the
building will equalize the exterior pressure and reduce the load
in the building to the dynamic pressure or drag load on the open
frame. Thus, the strength of the exterior walls determines the
type of loading a structure undergoes.

In this analysis, the structures were assumed to react in the
following manner. The free field blast wave overpressure is
characterized by a step pulse with an exponential decay to zero
pressure at the end of the positive phase. All the glass in the
building is assumed to be broken by the initial shock. The
blast-wave load is transmitted to the structural frame by the
reinforced concrete wall panels. The maximum blast-wave load on
the building occurs just before the collapse of these panels. After
the panels collapse, the structure is essentially open and subject
only to drag loads due to wind.
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The 1ll-story R/C building had three sides with roughly 35
percent window area and one side with nearly 80 percent window
area (see Figure 6a). The most severe loading condition occurs
when the onen side faced away from the blast. Eight inch thick
precast R/C panels formed the rest of the exterior walls, (see
Figure €b). These panels were analyzed to determine their
dynamic reactions up to collapse when subjected to blast.

Precast Concrete Panels

4" Face Brick, 4" Concrete
Block Back Up A Stone Sill,

Vg a2 AT / (Tvo)
oured Concrete Columns

Concrete Panels
R/C
F’Q::;;===T —_—

o 30"“';.___#‘
1

A7 -1

¥
0

: 4" Face Rrick & 4"
________ - Concrete Block w/Durowal

T
)
I
Grade P A~ ~-ouf P
Sl)dlnq Door & ‘*\\\__Concrete each 2nd Block Course
Basement Balcony

Planter
Figure 6a. Eleven-Story R/C Building

Edoe of Precast Column

Steos

The dynamic analysis was performed according to standard
procedures, such as presented in the U.S. Army Corps of Engineers
Manual, EM1100-345-416, '"Design of Structures to Resist the Effects
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of Atomic Weapons", (Ref. 43). Basically the fixed pinned slab

was converted to an equivalent spring-mass system, by properly 1
scaling the spring constant, mass and load. The scale factors

are derived by equating the work done on the equivalent system to

the work on the actual system. The manual provides tables of 1
appropriate factors.

‘ 4 inch rod

1 inch ¢ threaded rod bent into
shape

2 #5 #4 @ 18 inch
/ ’ 4

T

indh

R TRt Rt I i

o —— e ] —— — i — —q——————dr—— ——

inch

inch

B et ——

4
e— 18 _ode— 18 18 _pde— 18 e 18 . -
‘ inch inch inc};_.’4 inch incﬁ—. inch
] e 108 — 8 |

1 inch inch

Figure 6b. Typical ll-Story R/C Building Wall Panel Design
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In the analysis, the ultimate resistance of a typical panel,
Rmp’ and the fundamental period of time, T, were determined from
section and material properties of the slab. The total duration
of the net blast wave load, td’ on the average panel was derived
t from the building geometry. The ratio of the deflection at
complete failure to the ultimate elastic deflection, u, is

l determined from typical values for concrete slabs.

! Using these four parameters and appropriate solution
techniques the maximum value of reflected overpressure and the
ultimate shear in the panels was determined. From this analysis
a free field overpressure of approximately 6 psi (1 MT weapon)
would result in incipient collapse and breakaway of all exterior
wall panels faciné the blast. The horizontal force transmitted
to the frame of the building at this overpressure level would
have a maximum value of 52,900 1b per panel.

To check the integrity of the frame, an extremely simple
model was used. A conservative modification of the portal frame
analysis method was used, first to model the frame response, then 1
to make a rough calculation of a collapse overpressure for the

frame. The worst case for loading of the frame would be when
all panels transmit their maxima at the same time. This would

sum of maximum horizontal forces for all the panels, 3,888,000 1b,
was applied as a static load, one-half story height, 14 feet,
above the first floor slab. This load was then divided between

+ a—

]
4
[ produce the largest shears and moments at the first floor. The
the columns, elevator shaft and exterior walls on the sides of
the building. Since the precast panels on the sides of the
building parallel to the blast were by far the stiffest elements
resisting the load, they were apportioned, conservatively,

i one-third of the load. The remainder was distributed to the
columns and elevator shear wall. The resulting shears and

moments in the slabs and columns were less than the failure

criteria for these members.




It should be noted that the above frame analysis was quite
conservative since it assumed that
1. The front panels all transmitted their maximum
loads simultaneously
2, This maximum load does not decay
3. The frame is rigidly fixed at the base
4. The structure does not react dynamically

In the actual conditions, less energy would be transferred to
the building than the first two assumptions provide. Since the
building would accelerate and the foundations would deform, less
energy would be left to deform the actual structure. Thus

the conclusion that the frame remains intact is justified.

A brief research of relevant literature supports this conclusion.
Reports of the damage done by the explosions in Hiroshima and
Nagasaki indicate that the frames of reinforced concrete
buildings were quite blast resistant.

After the wall panels have failed, the remaining structure
would be essentially open and subject only to drag loading
from the winds associated with the blast. This drag loading is
characterized as a dynamic pressure on the exposed area
of the frame, A. In this case the exposed area of the frame is
approximately 420,000 square inches. A total lateral static
load in the neighborhood of 4,000,000 1b is required to cause
failure of the frame. This corresponds to a dynamic pressure
of 9.5 psi. Under normal circumstances, this dynamic pressure
corresponds to a peak overpressure of 30 psi.

Since the collapse overpressures of all the other structures
studied was under 8 psi, it was felt that the study should con-
centrate on the debris generated at the 6 psi overpressure
necessary to cause initial failure of the wall panels.

\ .
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The six-story R/C ur~ucture studied was also of flat plate
design (see Figure 7). ... exterior walls were heavy masonry
panels consisting of an outer layer of face brick backed by an
inner layer of precast concrete block. The panels were 54
inches wide and 84 inches high. They were bordered on the sides
by a window unit and a column and by concrete edge beams on top
and bottom. The panels were analyzed as one way slabs, simply
supported at top and bottom. The dynamic analysis method
previously described was used to determine the peak overpressure
required for failure of the panels.

The ultimate moment capacity of a brick wall depends upon
its axial load, because the joints have limited tensile strength.
Thus for a given axial load, the maximum moment can be calculated.
The axial load for the exterior walls was largely dead weight.
Thus the panels in the upper stories would have a reduced moment
capacity. Using interaction formulas suggested in Reference 44,
the static moment capacity of a 12 inch wide strip of masonry
panel (brick and precast concrete block) was calculated to vary
from 3250 in./1b at the upper floors to 19,500 in./lb at the
lower floors. These correspond to a static pressure of 0.23
psi and 1.41 psi respectively. Dividing by a dynamic load
factor of 0.45 from Figure 2.7 in Biggs (Ref. 45) and multiplying
dynamic material factor of 1.25 recults in pressures of 0.64
psi and 3.92 psi. The upper value was treated as the value of
peak reflected pressure at failure of the lowest floor brick
walls. Using Figure 3.49 of Reference 38, this reflected
pressure corresponds to a peak free field overpressure of 1.95
psi, a wind velocity of 98 feet per second, and a shock velocity
of 1150 feet per second. The largest load that could be
transmitted to the frame by the masonry panels, about 3.5 psi, is
much too small to cause failure of the frame. For free field
overpressures under 10 psi, the dynamic wind loads on the open
frame would be under 2 psi, and thus, not significant.
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In conclusion, the collapse of exterior wall units was
chosen as the failure mode to be studied for the two R/C
buildings. In this mode the frame remains essentially intact and
does not contribute to the debris pile. The frame includes
floor beams, floor plates, columns, elevator shaft and stairways.
Everything else is assumed to become debris at the collapse

overpressure.

Assuming that the blast environment was <aused by a near
surface burst of a one megaton nuclear weapon, the selection of
a peak free field overpressure fixes all of the other blast
related parameters. The relevant blast parameters for this
analysis are the peak dynamic wind velocity, the velocity of the
shock wave and the total duration of the positive phase of the
dynamic wind pressure. For the assumed detonation conditions
and peak free field overpressure of 2 psi and 6 psi, the peak
wind velocities are 105 feet per second and 270 feet per second,
the shock velocities are 1180 feet per second and 1300 feet per
second, and the durations of the wind pressure are 5.4 seconds

and 3.9 seconds. These results are included in Table 1.

TABLE 1. BLAST PARAMETERS FOR TRAJECTORY ANALYSIS

Duration
Peak of
Peak Shock Wind Wind
Overpressure Velocity Velocity Pressure !
i Structure (psi) (ft/sec) (ft/sec) (sec)
3 2-story
: Wood Frame (TEAPOT) 3.5 1200 175 4.5
; Split-Level Brick
, Veneer 3.5 1200 175 4.5
. 6-story R/C 2.0 1180 105 5.4

11-story R/C 6.0 1300 270 3.9
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4.4 Collapse Overpressure of Wood Frame Structures

The only failure mode considered for the two wood frame
structures (see Figures 8a and 8b) was the failure of the entire
frame. In general, different parts of the frame would fail at
different values of peak overpressure. An effort was made to
determine the minimum value that would cause failure of all parts.

Preliminary calculations for various members yielded
extremely low values of failure overpressure. The members were
treated as simply supported beams and one-way panels. The
transient pressure load was approximated by a uniform static
load multiplied by a dynamic load factor. Average values of
timber strength were assumed. The results of these calculations
are summarized in Table 2.

TABLE 2. MAXIMUM COMPUTED FAILURE OVERPRESSURES
FOR WOOD FRAME HOUSES

House Roof Rafters Wall Studs Floor Joists :
l-story 0.7 psi 1.0 psi 2.0 psi |
2-story 0.9 psi 1.2 psi 1.3 psi

When these analytic results are compared to the results
of the UPSHOT-KNOTHOLE test, the overpressure values appear to
be extremely conservative. 1In the test, two identical two-story
wood frame residences were subjected to the blast from a nuclear
detonation.

At one house location the peak free field overpressure was
2 psi and at the other 5 psi. The first house remained essentially
intact with cracking of some structural parts. The second house
was completely demolished. Since all of the structural parts
analyzed, failed at or below 2 psi, unacceptably large discrepancies
are apparent. These differences could result from the wide varia-
tion in timber strengths, the conservative assumption of simple
supports and a conservative calculation of dynamic load factors.
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Figure 8c., Section Detail, Split-Level Residence.
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After an examination of the photographs accompanying the
report on UPSHOT-KNOTHOLE (Ref. 42), it was decided that the minimum
collapse overpressure would lie between 2 psi and 5 psi. The
average value of 3.5 psi was decided upon as a reasonable estimate
of the actual collapse overpressure for both wood frame houses.
The relevant blast parameters for a 1 MT surface burst at a loca-
tion where the peak value of the free field overpressure is the
chosen collapse overpressure were shown in Table 1.

4.5 Debris Catalogs

For each structure, debris catalogs were constructed. The
catalogs consist of a list of all of the debris pieces in a
structure and a parameter list for each piece. The parameter
list consists of the weight, maximum projected area, miminum
projected area, angle of repose and three spatial coordinates, x,
y and z. The z-coordinate was the height of the center of gravity
above a level ground surface. The origin of the coordinate
system was located at a corner of the structure at ground level.
Ground level was the average height of the surrounding ground
surface.

The chosen failure pattern was used to determine the shapes
of structural debris. Pieces of furniture were assumed to remain
intact and were treated as single debris pieces. Interior walls
were assumed to fail at mid-height and between every other stud.
In the multistory R/C buildings, debris catalogs were made
for a typical floor. The other floors were assumed to be
identical except in altitude.

The dimensions for the structural debris were measured by
scaling from the A/E plans of the structure. Dimensions for

furniture items were taken from Reference 20, A portion of the
postulated debris pattern for the TEAPOT HOUSE is shown in Figure 8d.
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5. DEBRIS PILE ANALYSIS OF TEAPOT HOUSE

The general methodology described in Chapter 3 was applied
to an analysis of TEAPOT HOUSE, the single family, wood frame
house which was tested in the UPSHOT-KNOTHOLE detonation (Ref. 42).
First the debris pieces were classified into groups with similar
trajectory characteristics. Several runs of the FLYER program
were made to refine the groups until accurate trajectory
distributions were obtained for every group. Runs of the RANGER
program were used to determine the debris pile for a single
house. Then the BLOCK program was used for the debris pile
over an entire block.

5.1 Classification of Debris

One run was made for each general debris type, e.g., wall j
section, door, chair, chimney, to determine the most sensitive
parameters for each shape. Then debris groups were assembled
that had these sensitive parameters most closely matched. No r
attempt was made to group different types of debris such as doors i
and wall sections together.

The sensitivity of trajectory to each of the parameters
varied widely. 1In general for debris pieces initially near to
the ground, height was the most important parameter. For higher
initial positions weight and maximum area became most significant.

5.2 Trajectory of Tynical Debris Pieces

To illustrate the performance of the computer codes several
typical debris pieces were chosen: i

1. a second story exterior wall section
a first story exterior wall section
a section of chimney

a bedroom door

a small table

an armchair
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Input and output for a run of the TRAJCT code are shown in Table 3.
In this table the blast parameters are listed for each run and the
debris parameters for each piece. 1In the ''Output' column PR and
PT refer to the contribution of a parameter to the overall variance
in range and time respectively. Under '"Trajectory Recults', the
title "Nominal' refers to the deterministic result given the mean

values of the input parameters. '"Expected'" refers to the most
likely result as determined by the statistical algorithm in TRAJCT. ]

Table 3 shows the output for debris piece number 2 (front &
wall section 17) which is included to show an unsatisfactory
parameter set. The values of nominal and effective range, 10.66
and 24.41 respectively, differ too much, and the standard deviation
E of the range is also comparatively large. The list of contribu-
tions shows that the only significant contributor to this variance
is the height parameter and its coefficient of variation (COV). ‘
This suggests a reduction in the COV of the height. This implies 5
limiting the heights of tre debris group related to this TRAJCT
run. In other runs the same COV of the height was changed to 0.05
and 0.01 with the following results:

Coefficient of Variance of Height

0.10 0.05 0.01
Nominal Range 10.66 10.66 10.66
Expected Range 24.41 14.79 11.71
Standard Deviation 6.76 3.68 1.82
Nominal Time 1.38 1.38 1.38 .
Expected Time 2.02 1.57 1.42 *
Standard Deviation 0.34 0.17 0.05

- The value of 0.05 variance would cover a group with a standard
. deviation in height of 0.45 feet which is reasonable for the first
floor wall sections. Therefore the parameter set with variance ¢

in height of 0.05 was used. The other parameter sets used are given
in Table 3.
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TABLE 3. TRAJCT RESULTS FOR TYPICAL DEBRIS

Blast Parameters

Peak wind velocity = 175 feet per second
Duration of dynamic pressure = 4.5 seconds
Shock wave velocity = 1200 feet per second

Debris Parameters

1. Front Wall Section Number 3

Input Output
Mean Ccov PR PT
Weight (1b) 394.53 0.05 0.15 0.35
AMAX (square feet) 26.40 0.05 0.13 0.39
AMIN (square feet) 1.68 0.01 0.00 0.00
Height (feet) 17.42 0.03 0.69 0.25
Angle (radians) 1.5708 0.05 0.29 o0.01
Number of Bounces = 3
Trajectory Results
Standard
Nominal Expected Deviation
Range (feet) 65.56 62.43 1.93
Time “o-rest (seconds) 1.91 1.77 0.10

2. Front Wall Section Number 17

Input Output
Mean cov PR PT
Weight (1b) 434,32 0.10 0.03 0.01
AMAX (square feet) 28.99 0.10 0.02 0.00
AMIN (square feet) 1.8 0.01 0.00 0.00
Height (feet) 8.92 0.10 0.94 0.98
Angle (radians) 1.5708 0.005 0.01 0.01
Number of Bounces = 3
Trajectory Results
Standard
Nominal Expected Deviation
Range (feet) 10.66 24.41 6.76
Time-to-rest (seconds) 1.38 2.02 0.34
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TABLE 3. TRAJCT RESULTS FOR TYPICAL DEBRIS (continued)

3. Chimney Section Number 9

Input Output
Mean Cov PR PT
Weight (1b) 1195.15 0.05 0.33 0.00
AMAX (square Feet) 6.66 0.05 0.32 0.00
AMIN (square feet) 3.34 0.01 0.00 0.00
Height (feet) 11.00 0.03 0.35 1.00
Angle (radians) 1.5708 0.005 0.00 0.00
Number of Bounces = 3
Trajectory Results
Standard
Nominal Expected Deviation
Range (feet) 6.42 6.59 0.53
Time-to-rest (seconds) 1.67 1.70 0.05
4. Bedroom Door Number 9
Input Qutput
Mean Ccov PR PT
Weight (1b) 70.22 0.05 0.08 0.03
AMAX (square feet) 16.68 0.05 0.02 0.53
AMIN (square feet) 0.68 0.01 0.00 0.00
Height (feet) 14.84 0.03 0.90 0.43
Angle (radians) 1.5708 0.005 0.00 0.00
Number of Bounces = 3
Trajectory Results
Standard
Nominal Expected Deviation
Range (feet) 95.89 98.70 3.80
Time-to-rest (seconds) 1.32 1.40 0.10




TABLE 3. TRAJCT RESULTS FOR TYPICAL DEBRIS (concluded)

5. Small Table Number 3

Input
Mean cov

Weight (1b) 30.00 0.10
AMAX (square feet) 3.00 0.10
AMIN (square feet) 1.03 0.01
Height (feet) 3.83 0.10
Angle (radians) 6.2832 0.005
Number of Bounces = 5
Trajectory Results

Nominal
Range (feet) 24.76
Time-to-rest (seconds) 0.69
6. Armchair Number 2

Input
Mean Ccov

Weight (1b) 150.00 0.05
AMAX (square feet) 8.25 0.05
AMIN (square feet) 7.65 0.01
Height (feet) 12.34 0.03
Angle (radians) 1.5708 0.005
Number of Bounces = 3
Trajectory Results

Nominal
Range (feet) 55.01
Time-to-rest (seconds) 1.86

Output
PR PT
0.39 0.07
0.27 0.19
0.00 0.00
0.32 0.66
0.02 0.08
Standard
Expected Deviation
24.75 2.35
0.69 0.03
Qutput
PR PT
0.59 0.00
0.37 0.25
0.00 0.01
0.04 0.74
0.00 0.00
Standard
Expected Deviation
55.04 2.55
1.86 0.02
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5.3 Description of Debris Pile

After parameter sets were chosen which cover all of the
debris pieces, runs of the RANGER and BLOCK routines were made to
describe the final debris pile. Different pile configurations
are possible depending on the angle of incidence of the blast
wave to the block. Two angles were chosen for this study. A
blast wave propagating parallel to a row of houses was called a
normal blast (Figure 9a), A second case was a blast wave
propagating at a 30 degree angle to the same row of houses,
(Figure 9b).

Runs of the RANGER code were made for both blast angles.
This routine couples initial coordinates with trajectories to
determine final resting points of each debris piece, then creates
a point-by-point description of the debris pile. Tables 4 and
5 show the initial and final coordinates of the center of gravity
for the examples previously listed. For both cases, unit
rectangles 3 ft by 3 ft were used to define the final grid.

The BLOCK routine was run for both blast angles applied to
similar blocks. The blocks used are in shown in Figure 9.
The distance between rows of houses on this block, 200 feet across
the backyards and 120 feet across the front street, was greater
than the maximum distance any debris piece would carry in that
direction. Therefore, the pile from one row of houses was
isolated from that of other rows and not affected by any house
outside the row. Thus only one row was considered for the model.

The results of the BLOCK runs were output files d.:signed
for use in a debris fire study. They show the number, vertical
position and size of all debris pieces at every grid point. This
output was used to compute the cross sections shown in Figures 10
through 17. The cross sections represent the weight of the
combustible fuel along the section lines shown in Figure 9. For
these sections the average weight of six adjacent units, an area
three units long and two wide, was used. An entire piece was
considered combustible, if any part of it was. The only non-
combustible debris piece in the house were brick chimney sections.
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TABLE 4. FINAL COORDINATES OF TYPICAL DEBRIS - NORMAL BLAST
Initial Final Grid Points
Coordinates* Range Position Covered*#*

Debris Piece X Y X Y X Y (1,J)
Wall Number 3 0. 11.75 62.43 0. 62.43 11.75 (23,6),(23,7),(24,6)
wall Number 17 0. 11.75 14.79 0. 14.79 11.75 (7,6),(7,7),(8,6)
Chimney Number 9 12.09 34.75 6.59 0. 18.68 34.75 (9,14)
Door Number 9 16,00 13.00 98.70 0. 114.70 13.00 (41,7),(41,8)
Table Number 3 22.25 13.00 24.75 0. 47.00 13.00 (18,7)
Armchair Number 2 2.50 30.50 55.04 57.54 30.50 (22,13)

*
X and Y coordinates in feet

Kk
I and J coordinates in 3 foot units

TABLE 5. FINAL COORDINATES OF TYPICAL DEBRIS - 30 DEGREE BLAST '
Initial Final Grid Points
Coordinates¥* Range Position Covered**
Debris Piece X Y X Y X Y (1,J)
Wall Number 3 0. 11.75 54.06 31.21 54.06 42.96 (21,17)(21,8),(22,17)
Wall Number 17 0. 11.75 12.80 7.40 12.80 19.15 (7,9),(7,10),(8,9)
Chimney Number 9 12.09 34,75 5.71 3.30 17.80 38.05 (8,15)
Door Number 9 16.00 13.00 85.48 49.35 10L48 62.35 (36,23),(36,24)
Table Number 3 22.25 13.00 21.43 12.37 43.68 25.37 (17,11)
Armchair Number 2 2.50 30.50 47.67 27.52 50.17 58.02 (19,22)
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The cross sections reveal two interesting points. First
mounds of debris accumulate at intervals equal to the house
intervals. These mounds form for both inclinations of the blast
wave at this overpressure. At higher peak overpressures, these
mounds should begin to level out. Secondly, the 30 degree blast
piles separate at the crossing street creating a potential fire
break. Larger angles would produce larger separations. Thus
for this block configuration, at peak overpressures less than
about 3 psi or for angles of blast wave incidence greater than
30 degrees, the debris piles will remain essentially isolated
in one block runs.

Additional processing of the debris pile output was done
for the fire study of the piles, and is summarized in Chapter 6.
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6. CONSIDERATION OF FIRE EFFECTS

Whereas blast damage calculations are usually treated in a
relatively unccupled manner (i.e., gross blast field conditions
applied to each structure independently), the examination of fire
effects, on even a single building, must consider the impact of
nearby surrounding structures; and, of the city as a whole, in
relation to the local area under study. In addition, whereas
blast effects can be independently studied without giving consider-
ation to the accompanying fires, ignoring blast when estimating
fire damage can produce grossly erroneous results in all areas
of interest to the civil defense problem. In addition, on a
relative scale, blast effects are ''instantaneous' compared to
the time scale for fire effects. Thus, while both blast and fire
effects can be modified by preattack, passive, countermeasures,
fire behavior, and effects can be significantly modified by human
actions during the transattack period of fire development and
spread.

The examination of fire effects requires the definition of
many additional parameters beyond those required to characterize
the effects of blast. Certain of these are directly related to
fire phenomena; but, many are related to the compounding impacts
described above. These are elucidated in succeeding sections of
this chapter, followed by a brief review of selected particulars
of the IITRI Fire Model (Ref. 46, 47). Gross fire spread descrip-
tions are then presented for fire spread throughout the total
city followed by estimates for more detailed fire effects in

selectecd localized areas.

6.1 Scenario/Parameter Definition for Fire Studies

6.1.1 Burst/Atmosphere

As stated earlier in this report, the effects of a 1 MT
nuclear burst are to be estimated. A near-surface burst was
selected for study. To prevent certain simplifying assumptions
regarding the hemogeneity of building height and spacing (described
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later) from unduly influencing the ignition calculations, a burst
altitude of 0.5 mile aboveground was assumed. This altitude was
considered sufficiently low to permit blast effects from a surface
burst to be employed in the evaluation. The target city was
assumed at sea level. For these conditions, a fireball radius

of 2216 ft (0.42 mile) is calculated.

The two-story wood-framed house being considered here was
described earlier. Blast effects calculations suggest the fol-
lowing damage/distance characterizations (Table 6) be employed
in cthe fire spread/effects evaluation. i

TABLE 6. DAMAGE-DISTANCE CHARACTERIZATION FOR TEAPOT HOUSE

Distance from

Overpressure Ground Zero
Damage (psi) (miles)

Severe (buildings
destroyed) >3.5 0 to 3.6
Moderate (buildings
standing with major
wall/roof damage) 2.0 to 3.5 3.6 to 5.3
Negligible (broken
windows or rone) <2.0 >5.3

To estimate ignition frequency as a function of distance from
ground zero, an atmospheric transmissivity must be chosen for the
time of the assumed attack. This is usually expressed as a ''visi-
bility'" and 12 mile visibility was selected. A south wind of 6 mph
was assumed for evaluating firebrand travel. This visibility and
wind velocity corresponds to values previously applied in the
various "'Five City" studies (Ref. 48, 49, 50).

6.1.2 Built-up Area

As mentioned earlier, the examination of fire effects requires
that each building or local area to be studied must be considered
as part of a larger total target (city) in order to assess fire
spread to the local area from its surroundings. However, it was
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decided not to consider the specifics of any given city in this
study. Instead, a hypothetical "city'" was constructed entirely

of the two-story wood-framed house under consideration. It was
considered to extend in all directions from ground zero far beyond
any blast or fire affected areas.

To more closely approximate the rates of fire spread and
burning durations of a real city, the building density of the
overall city was assumed to be 15 percent of the ground area.
(This is three times the density of the local area for which
blast affected debris was estimated in the previous chapter of
the report.) For this evaluation, gross fire spread/duration was
first evaluated for the total city (15% density). These results
provided the overall fire environment within which a series of
local areas were studied, with building density, location, and
human actions varied. For calculation purposes, the city was
divided into square tracts that were 0.5 mile on a side. For eval-
uation of local conditions, one tract location was selected at a
time, and a specific building density and fire prevention and/or
firefighting effort prescribed.

Parameters and techniques selected for the city and local
areas are summarized below:

all buildings are the two-story wood frame TEAPOT HOUSE

attack occurs during daylight hours
(position of window coverings)

® trees and bushes are bare
(late fall, winter or early spring)

overall city building density is 15 percent
local tract building density is either 5 or 15 percent
all tracts are 0.5 x 0.5 mile

building separation (distribution) within tracts is a
function of building density and building areas based
on survey of residential areas in Detroit (Ref. 49)

e building separation across tract boundaries is consi-
dered to be 100 ft for 90 percent of each tract perim-
eter, and infinite (no firebrand crossing) along the
remaining 10 percent of each tract perimeter.

Attention is directed to the latter two entries concerning building
separation. These are introduced into the calculation to retain
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some of the variability of a real city. Such was considered neces-
sary as the fire model circumvents certain probabilistic aspects

of radiation fire spread by relating fire spread probability solely
to building separation, once flame patterns are defined. The tract
| boundary specification is designed to allow for vacant properties,
parks, rivers, and broad streets,

6.1.3 Buildings/Contents

Earlier studies involving the IITRI Fire Model developed

descriptions of the position of window coverings (curtains, drapes,
shades) separately for daytime and nighttime hours. Applying day-
time results for Detroit (Ref. 48) to the TEAPOT HOUSE yields

the following characterization (Table 7).

TABLE 7. DISTRIBUTION OF UNCOVERED WINDOW AREAS
FOR TEAPOT HOUSE

| Percent of Windows Open Area (ft?)
' 6.3 12 .63
E ‘ 8.4 8.05
| 9.6 5.46
| 8.6 3.69
\ 2.0 1.31
| 65.1 0.0

Window panes were assumed to transmit 70 percent
of the weapon pulse.

: The locations of fuels within each room were assumed to match
i those determined for earlier studies (Ref. 48, 49, 50). Critical
[ ignition energies (weapon pulse) of the room items also were

assumed identical to those of the earlier studies. These may
3 be summarized:




s DML LR adl A st

Percent Room Items Ignited Fluence* (cal/cm?)

79 50
67 28
11 19
0 13

For window coverings, the energies are:

Percent Window Coverings Ignited Fluence (cal/cm?)
64 50
43.5 28
22.1 19
0 13

On the basis of the earlier surveys of room contents locations,
the probability of burning window coverings igniting major room
fuel items is assumed to be 0.40.

The TEAPOT HOUSE and contents averages 25 lb fuel/ft? of
floor area un each story. It is assumed that 50 percent of this
fuel is consumed during the active burning period** (period starting
about 5 minutes after first room flashover during which a burning
building gives off significant radiant energy and/or firebrands;
and, is thus capable of spreading fires to surrounding, yet unig-
nited, structures).

6.1.4 Blast/Ignition Interactions

A search of the literature produced no recent data on secon-
dary (blast caused) ignitions. Thus, the classic study by McAuliff
and Moll (Ref. 5) was reviewed for information. This study sug-
gests a factor of 0.019 secondary ignitions per 1000 f£t2? floor area
be applied to wood structures; and, that this number be halved for
residential structures. The floor area of the TEAPOT HOUSE is:

Two stories x 24'8" x 33'4" = 1644 ft?/house

*Fluence is the quantity obtained by integrating flux (cal/cm’-sec)
over time (sec).

**Also identified as ''stage 3 fires'" on later graphs.
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Thus the suggested secondary ignition frequency is: i

0.019/2 - secondary ignitions

=600 ¥ 1644 = 0.0156 houss
McAuliff and Moll suggest that the region of secondary ignitions
extend out to 2.0 psi peak overpressure for wood structures. This
corresponds to 5.3 miles from ground zero for a 1 MT surface burst.

While being the cause of secondary ignitions, the blast wave
1 from a nuclear weapon can extinguish some primary fires initiated
by the thermal pulse. In 1970, Goodale (Ref. 3 ) reported that
some flames were extinguished in the 1 to 2% psi overpressure
range; and, that all flaming, but not smoldering, combustion was
suppressed by overpressures from 2% to 8 psi. Flaming was noted
to recur after delays of a few minutes up to about 1 hour. Similar
results were reported in 1971 (Ref. 51) with overpressures up to
9 psi. 1In 1976, Wilton (Ref. 52) offered further data which suggest
that the suppression of ignitions may occur at even slightly lower

blast overpressure levels.

To represent the above information in a manner readily adapt-
able to the IITRI fire model, the following was adopted:

TABLE 8. BLAST EFFECTS ON PRIMARY IGNITIONS

Burning Window Coverings ]

>3 psi all extinguished

(<4 miles from ground zero)
2.5 psi 507% extinguished (=4.5 miles)
<2 psi none extinguished (>5.3 miles)

Burning Major Room Items

3;§ >5 psi 50% extinguished (<3 miles)

; * 4 psi 33% extinguished (3.4 miles)

I 3 psi 177% extinguished (4 miles)

24

i 2 psi none extinguished (5.3 miles)
!
K
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6.2 Fire Model

As originally conceived, the IITRI Fire Model (Ref. 46 to 50)
was designed to treat that area of a city having light or no blast
damage for purposes of estimating fire damage as an addition to
blast damage. Thus, the city was considered to have a doughnut
area susceptible to fire damage with the doughnut hole already
heavily damaged by blast.

With increased interest in the potential for survival in
more heavily blast damaged regions, the city will now be treated
as a severely blast damaged core region around ground zero, a
moderately damaged ring surrounding the core, and a lightly
damaged outer area gradually transitioning to the undamaged region.
Thus, one further stage of refinement in prediction is to be
gained. For this study, the Model has been adapted to treat
both the moderate and light-to-moderate damage regions. The
severely damaged region is so completely different in character
(lacking discrete fuel sources and separations) that a totally
different model is required. For this study, fire behavior and
effects in the region of severe blast damage has been assessed
through the use of hand calculation, prior experimentation, and
engineering judgement.

In the following section, the IITRI Fire Model will be briefly
summarized and the adaptation for its use in the region of moderate
blast damage will be described. For further details on the Model,
the reader is referred to the prior studies (Ref. 46 to 50).

6.2.1 1Ignition Code

In its present form, the ignition code predicts the total
sustained ignitions caused by the fireball (primary) and by blast
(secondary). Various inputs are required to the code. These can
be fixed or distributed (variable) values.

The code requires weapon yield, height of burst, ground alti-
tude, atmospheric visibility, and transmissivity of window-panes
as input. From these, it calculates the fireball size and radiant
fluxes as a function of distance from ground zero. The code does
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not calculate blast overpressure versus distance; this must be
input separately. Using the input given above and of building
height, width, separation, position of window coverings, and
season, it goes through the geometry necessary to describe the
radiant intensity patterns within a room on each story of the
building as affected by external shielding and the room walls.
Again, most of the input may have fixed or distributed values.
When the illumination of the room interior is established, the
Code uses input of room dimensions, nature, and distribution of
window coverings to predict the probability of either a window
covering or room item ignition on the basis of its probability
of being located such that it receives sufficient radiant energy.
The probabilities of ignition so obtained are modified to consider
only those that survive blast and involve (or spread to) major
fuel items capable of causing full room involvement. These pri-
mary fire probabilities then are combined with (blast caused)
secondary fire probabilities and expressed in terms of:

e probable number of buildings/tract having sustained fires
e probable number of rooms per building with sustained fires

For the TEAPOT HOUSE arranged as shown in Chapter 4
(5% building density) the Ignition Code predicts the data shown
in Table 9 (1 MT near-surface burst).

TABLE 9. SUSTAINED IGNITIONS IN THE TEAPOT HOUSE

Distance from

Ground Zero Fraction of Buildings Average Sustained
(miles) with Sustained Fires Room Fires Per Building
0 0.01560 0.01560
0.5 0.01567 0.01567
1 0.24849 0.27853
1.5 0.14186 0.15393
2 0.05905 0.06038
2.5 0.02257 0.02261
3 0.01582 0.01582
3.5 0.01560 0.01560
4 0.01560 0.01560
4.5 0.05592 0.05751
5 0.04491 0.04605
5.5 0.00294 0.00300
. 6 0.00000 0.00000
i
|
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Several interesting observations can be made regarding these
results.

1. The decrease in ignition frequency at 0 and 0.5 mile
compared to 1,0 mile is due to shielding of the buildings
by the roof. The ignition code does not address the pos-
sibility of the blast wave opening up structures in this
region so that the later portions of the fireball may
ignite interior fuels,

2. For this relatively small weapon, the ratio of fluence/
overpressure quickly becomes quite low as distance increases.
For example, the weapon can ignite window coverings only

to 5.5 miles while the blast wave extinguishes some of

them out to 5.3 miles (see Table 8). Room contents are

ignited by the weapon only to 3 miles; and, 50 percent of
these are blast extinguished. For higher burst altitude
and larger weapon sizes, fire effects are less influenced |
by blast as they extend to relatively greater distance. i

6.2.2 Radiation Fire Spread Between Buildings

The probability of fire spread between buildings is precalcu-
lated as a function of building separation for use in the Fire
Spread Code. In order to apply the model to the region of moderate
blast damage, two expressions for flame area were developed. 1In

each case, flames above the roof were considered to be one story
in height (above the second story ceiling). Since the TEAPOT HOUSE
is wood framed, the undamaged structures were considered to have

window generated flames equal to 25 percent of the wall area at any
given time. The moderately damaged structures were considered to
have window (and damaged wall) flames equal to 75 percent of the
wall area. The increased flame area for buildings in the region of
moderate damage is probably most representative for those near the
lower damage end of this region. As damage increases, the flame
areas and associated radiation will also decrease (Ref. 12, 53) to
a low level in the area of severe damage (Ref. 20). Wind effects
on radiation levels were not considered here as they are poorly

documented; and not readily entered into the firespread model.
Thus, the radiation levels chosen are judged to be an '"average' for
all wind directions,
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In addition to the flame areas described, this submodel requires
criteria for spontaneous and piloted ignition, flame temperature,
and flame emissivity to calculate radiant fire spread probabilities.
The following were specified based on various earlier studies; and,
previously used in the IITRI model:

spontanious ignition: 0.770 cal/cm?-sec,
piloted ignition: 0.385 cal/cm?-sec,

flame temperature: equal probabilities of being
1500, 1600, 1700, 1800, or 1900°F,

e flame emissivity: 1.0

Since radiation fire spread occurs over limited distances, the
effects of wind were not considered to materially affect the chances
of piloted spread (sparks) in any direction; and, spontaneous or
piloted ignition were considered equally probable in all directions.
Using the above criteria and parameter selection, radiation fire
spread probabilities were calculated as shown in Table 10,

The data shown above do not fall onto smooth curves due to
the discrete nature of the variables used. The low value calculated
for undamaged buildings separated by 1 ft is caused by model assump-
tions as to window locations.

TABLE 10. PROBABILITY OF RADIATION FIRE SPREAD BETWEEN TEAPOT HOUSES

Piobability of Radiation Fire Spread

Separa‘’ion Distance, (percent)
Building to Building Moderately
(ft) Undamaged Buildings  Damaged Buildings
1 75.0 100
k- 9 87.5 100
4 19 75.0 100
' 29 43,8 81.3
) 39 18.8 56.3
d 45 6.3 37.5
47 0.0 31.3
» 49 0.0 31.3
59 0.0 6.3
62 0.0 6.3
65 0.0 0.0
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6.2.3 Fire Spread Code

The Fire Spread Code predicts fire spread between buildings
due to either radiation or firebrands from burning buildings. It
treats the total area suffering weapon ignitions and any additional
area specified by the user. It is the users responsibility to select
an area large enough to encompass all fire spread during the total
time of interest. The choice of area must be sufficient to encompass
all spread; but should be judiciously chosen since computer running
time is proportional to area chosen as well as to total time history
to be calculated.

The code examines fire spread at 15 minute intervals; and,
events during each 15 minute period are lumped together. Fires are
considered to spread from any given building only during the active
burning period of that building. The active burning period of the
TEAPOT HOUSE, rounded to the nearest 15 minutes, is calculated to
be 45 minutes based on its fuel load.

An ignited building reaches its active burning period in 15 1
minutes on the average. For individual buildings, this time may

vary from about 3 minutes to over 1 hour (Ref. 6), For the Code,
the development of fires to the active burning period is examined
each minute and accumulated for the 15 minute period (i.e., assumed
to cccur at the next 15 minute interval for which the total city
area is examined).

Radiation levels and firebrand generation rates are not constant
during the active burning period. Radiation, on the average, peaks
at about the midpoint of active burning. Firebrand generation is
heaviest during roof penetration, and essentially ceases once the
roof has collapsed. To account for these factors during the 45
minute active burning period of the TEAPOT HOUSE, radiant and fire-
brand spread has been distributed based largely on experience/
judgement.




TABLE 11. DISTRIBUTION OF FIRE SPREAD OCCURRENCES
FOR THE TEAPOT HOUSE

Fraction of 45 nin. Fraction of Radiant Fraction of Fire-
Active Period Fire Spread brand Spread
F.cst 15 min. 0.113 0.046 ;
Second 15 min. 0.741 0.456 1
Third 15 min. 0.146 0.498 f
Total 45 min. 1.0 1.0

The above suggests that about 74 percent of all radiation fire spread
occurs during the 15 to 30 minute period of active burning; and, that
spread by firebrands occurs almost entirely (and nearly equally)
during the 15 to 30 minute and 30 to 45 minute periods of active
burning of any given house.

The probabilities of radiation fire spread were given in the '¥
previous section, for both the areas of undamaged and moderately
damaged buildings. The method of calculating firebrand spread is
summarized below.

Earlier studies (Ref. 54, 55, 56) have indicated that only the
larger firebrands are capable of traveling any distance while
retaining the capability to ignite common interior home furnishings.
These were found to be generated as a function of roof area (pri-
marily due to the roof sheathing); and, to be deposited downwind
over a wide area as a function of wind speed and direction. Prior
experiments (Ref. 56) suggest that dispersion due to variations in
wind direction include an angle of 90 deg, 45 deg to either side of
the nominal downwind direction. Deposition is heaviest near each
burning structure, gradually decreasing to no brands about 1350 ft
for the TEAPOT HOUSE in a 6 mph wind.

To ignite interior furnishings (most susceptible host materials),
the brands must enter rooms through windows or other openings created
by blast effects. The window area/wall area ratio for the TEAPOT
HOUSE is 0.112, This number was used for regions of undamaged
buildings (windows assumed broken by blast). In regions of moderate




blast damage, the total opening area was assumed to be tripled
(as was done for radiation fire spread described earlier), and a
value of open area/wall area of 0.33 was employed.

Brand trajectories were computed under a 6 mph wind to estimate
the probability of a brand entering a room (as a function of dis-
tance from a burning building). From the earlier surveys of room
contents (Ref. 46, 48, 49, 50) the fraction of brands entering a room
that will cause room flashover is considered to be 0.08 (ratio of
horizontal surface area of easily ignited major room fuels to floor
area).

Fire spread by brands is calculated within each tract of brand
origin; and, to downwind and crosswind tracts based on the 90 deg
dispersion angle. 1Included in this calculation is the separation
at tract boundaries described earlier.

A major task of the Fire Spread Code is the compiling of
buildings with new ignitions or new active burning periods. Thus,
it handles a major '"bookkeeping' job as a part of its purpose.
Typically, this bookkeeping is displayed as part of the computer
output in maps showing number of active fires/tract, or number of
unburned buildings/tract at various time intervals. Examples of
these results are included as Figures 18 to 23. Rate of heat release
with time can also be displayed. As the city used here is uniform
in building type and density, a line through ground zero and parallel
to the nominal wind direction splits the target area into two mirror
images. Only one of these (one-half the total damaged area) is
shown. The asterisks (*) shown in Figures 18 to 23 depict the area
of severe blast damage.

6.3 Fire Spread and Fire Development Results

As described earlier, for this study a hypothetical city was
chosen, for the gross fire spread calculation, to consist solely of
TEAPOT HOUSES at a building density of 15 percent of ground area
and extending far beyond all weapon effects in all directions.
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When the general fire spread characterization of the target area

was developed, local areas were reexamined at differing building
densities and with a variety of fire prevention and/or firefighting
activities superimposed. 1In areas suffering moderate or negligible
blast damage, the IITRI Fire Model was employed for the local areas
as well as for the total target. Various studies were drawn on

for treatment of local portions of the core area of severe blast
damage (buildings demolished and scattered by blast). The following
sections first describe the gross fire spread through the total
target, and then successively treat local areas suffering negligible, !
moderate and severe blast.

6.3.1 Fire Spread In City

The TEAPOT HOUSE was considered to suffer blast damage as shown
in Table 6, repeated below as Table 12.

TABLE 12. DAMAGE-DISTANCE CHARACTERIZATION FOR TEAPOT HOUSE

Peak Overpressure Distance From

Damage Level (psi) Ground Zero (miles) 4
Severe
(buildings destroyed) >3.5 <3.6
Moderate (buildings
standing with major
wall/roof damage) 2 to 3.5 3 to 5.3
Negligible (broken
windows or none) <2 >5.3

Since the IITRI Fire Model was applied only to the regions of
moderate and negligible damage, it addresses the region beyond
3.7 miles. Assuming ground zero to be at the center of one tract
(0.5 x 0.5 miles), the first tract treated by the model (in the
upwind, downwind or crosswind directions) is centered at 4 miles
from ground zero. No fire spread of significance is considered
to occur from the area of severe damage to the area of moderate
damage; as, without standing buildings, the radiation levels are

greatly reduced and the generation of firebrands low. This is
in contrast to the high levels of radiation and high rates of fire-
brand generation within the moderately damaged area.
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In examining the graphs to follow, it should be remembered
that each tract is 0.5 x 0.5 miles; and, thus each tract center

is 0.5 miles from the next (tracts are in rows parallel and perpen- '
dicular to the nominal wind directions--i.e., streets run north-

south and east-west). Results for any tract are thus the average

over a 0.5 mile distance from ground zero for tracts along or per-
pendicular to the nominal wind direction. To place the magnitude

of building fires per tract in perspective, each tract with 15

percent building density, contains a total of 1193 buildings.

Figures 24, 25, and 26 describe the first 5 hours of fire
development in the downwind, crosswind and upwind directions respec-
tively. 1In each direction, fires develop most rapidly in the tracts
centered at 5 miles from ground zero, due to the higher incidence
of weapon caused ignitions at this distance. Only a slight influ-
ence of wind is seen during this first 5 hour period. Fires at :
6 miles are increasing slightly faster in the downwind case. Fires ?
at 4 miles are increasing slightly faster in the upwind case |
("4 miles" is downwind of "5 miles'" for the tracts upwind of ground

. zero). In all cases, the active fires at 5 miles decrease sharply
| at 5 hours since almost all buildings in the 5 mile tracts are
already consumed.

! Fire spread in the 6 to 10 hour time period is depicted in i
Figures 27, 28 and 29 for downwind, crosswind, and upwind fire
spread, respectively. Here, the tracts at 6.5 miles from ground
zero clearly show the effects of wind. ‘the tracts at 4 and 4.5
miles from grour . zero show less fires upwind or ground zero because
there are less buildings left to burn. By 10 hours, upwind fire
spread has ceased, crosswind spread is developing very slowly in

';L; the 6.5 mile tract, and downwind spread shows some fire development

i'; in the 7 mile tract. The fact that fire spread within tracts is

f ' faster that that between tracts is clearly evidenced by examining

- the rate of fire development at 6 miles relative to the growth at

(spread to) 6.5 mile tracts. The rapid fire growth within tracts

is attributable to the ease of radiation fire spread across the

smaller separation distances,
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6.3.2 Selection of Local Areas and Conditions for Further Study

Due to the relatively small effects of wind on fire develop-
ment, local tracts for further study were selected in the region
downwind of ground zero. Figure 30 is presented to identify those
tracts studied as local areas of differing buildings density with
fire prevention and/or firefighting activities included. Figure
30 represents a portion of the northeast sector from ground zero
(north being the downwind direction). Each tract, as shown in the
figure, is assigned a number identifier that indicates its tract
order to the east of an arbitrary north-south line; and, to the
south of an arbitrary east-west line. Coordinates were chosen
such that ground zero is centered on tract 3, 26,

For calculation purposes, tracts were considered to be wholly
of a single level of blast damage. For this purpose, each tract
was assigned the damage level representing the majority of its
area. Tract damage assignments are indicated in Figure 30. Tracts
selected for further study are 5, 14; 6, 15; 4, 16; 5, 18; and
4, 21. All but tract 4, 21 is in the severe damage region and thus
was not amenable to the Model's calculation techniques. Each
tract was examined at a building density of 5 percent and 15 per-
cent except tract 5, 18 which was only examined at 15 percent
building density. For all tracts in the moderate and negligible
blast damage regions, a series of 12 fire prevention/firefighting
efforts were explored. These 12 cases are described in Table 13
where:

A = percent of ignitions prevented (preattack measures)

B = minimum number of fires extinguished per 15 minute
period

C = percent of active fires extinguished per 15 minute
period

D = maximum number of fires extinguished per 15 minute
period
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Fig. 30 Northeast Section of Target Area Showing Tract Designationm,
Tract Blast Damage Assignments, and Tracts Selected for
Further Study on a Local Basis
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That ié, "A'" percent of weapon ignitions were considered prevented;
and, in any given 15 minute period, firefighting put out (or preven-

ted). 'C" percent of the active fires in a tract with an upper
limit of "D" fires and a lower limit of "B" fires. Using these
descriptions, the 12 cases studied for each tract/building density

combination are shown.

TABLE 13. FIRE PREVENTION AND FIREFIGHTING ACTIVITIES

Case Symbol* A B C D
1 1 0 0 0 0 5
2 2 0 0 20 5 ;
: 3 3 0 0 20 15
i 4 4 0 0 10 5
' 5 5 0 1 10 5
6 6 0 5 20 15
( 7 7 0 5 100 5
: 8 8 90 1 10 5
9 9 50 5 20 15
10 2 50 1 10 5
| 11 + 90 0 0 0
’ ‘ 12 * 95 0 0 0
*Symbols used on graphs to follow. Note that Table 13
is repeated as a foldout to permit its use with the
following graphs.

Case 1 is provided to show fire spread when no fire prevention

or firefighting occurs. Thus, it serves as a ''worst case'; and,
as a baseline study. Cases 11 and 12 indicate high efficiencies
of fire prevention but no firefighting. Cases 3 to 7 have no fire

prevention efforts; and a variety of firefighting efforts. Each

represents a differing number of firefighting teams per tract

- (it may require more teams to do the same job in the blast damaged ‘
area). Setting a minimum firefighting effort for cases 5 and 6 A
was done to examine the importance, if any, of continued firefighting
efforts in periods of few fires. Case 7 sets firefighting at a con-
stant value of five fires per 15 minute period.
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An indication of firefighting teams performance is provided
by Salzberg et al, (Ref. 57) who described firefighting requirements
to suppress all incipient fires prior to major building involvement
(fires limited to one or two rooms). These requirements are pre-
sented as various combinations of self-help and brigade teams per
weapon ignition, depicted graphically in Figure 31.

Cases 8 to 10 include both fire prevention and firefighting
efforts. Cases 9 and 10 indicate the effect of changing level of
firefighting under 50 percent ignition prevention (and can be con-
trasted to cases 5 and 6). Cases 8 and 10 can be combined with case
5 to indicate the effects of varying fire prevention levels supported
by moderate firefighting activities. Thus a wide variety of fire
prevention and firefighting efforts were studied singly and in
combination.

6.3.3 Local Fire Development in Areas of Minimal Blast Damage i

Tracts 5, 14 and 6, 15 were selected for further study as areas
suffering little or no blast damage apart from broken windows.
Tract 6, 15 lies adjacent to the area of moderate blast damage and
" has frequent weapon ignitions. Tract 5, 14 lies wholly within the
undamaged area and receives few weapon ignitions. Both tracts were
examined for building densities of 5 and 15 percent, for all 12 fire

prevention/firefighting situations.

Tract 5, l4; No Blast Damage, Few Weapon Ignitions

Results are presented in Figures 32, 33, 34 and 35. As shown
by Figure 32 (curve 1), the tract with 15 percent building density,
even with limited ignitions, gradually develops in fire intensity
until, at 9:15, almost 20 percent of the total tract buildings (230
out of 1193 buildings) are simultaneously burning, and the majority

of the tract has been consumed. In the tract of lower, 5 percent,

building density (nominally a more promising site for survival),
. fire frequency is still rising at 10 hours with about 10 percent of
the total tract buildings burning simultaneously (Figure 34, curve 1).

While this represents (%8 x f% =) 1/6 the number of fires per block
compared to the higher density tract, it represents an unsatisfactory
situation.
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The continuing rise at 10 hours indicates that, again, most if not
all of the tract will eventually burn if no firefighting action is

T TR YT p——r YT

taken. As shown by cases (curves) 1l and 12 of Figures 32 and 34,
fire prevention efforts alone only delay the consequences of fire
for about a period of 1 hour.

For the tract of 15 percent building density, a minimum fire-
fighting effort of 5 suppressions every 15 minutes is required to
effect permanent control (Figure 33, curves 6, 7, 9); although
moderate firefighting (107%) with a minimum suppression of one fire
every 15 minutes delays the initiation of rapid fire development
for about 5 hours (Figure 33, curves 5, 8, 10), growing to 2 percent
of buildings active burning at 10 hours; and still growing. For
the low building density tract, a moderate firefighting effort (10%)
offers control (Figure 35) as long as a minimum of one fire per
15 minute period is suppressed (Figure 35, curve 5 vs Figure 34,
curve 4).

{ Tract 6, 15; No Blast Damage, Frequent Weapon Ignitions

Results are presented in Figures 36 through 41. Figure 36
indicates that the high building density version of this tract,
without fire prevention or firefighting, reaches a peak fire inten-
sity of about 20 percent of all tract buildings simultaneously

burning at about 5-3/4 hours with most of the remaining buildings
already burned. Fire prevention alone, delays the peak several
hours; but, is otherwise ineffective (Figure 37, curves 11, 12).
The lower (building) density tract peaks at about 7 hours without
prevention or suppression efforts, with some 9.4 percent of the
total buildings simultaneously aflame (Figure 39, curve 1). Again,
fire prevention efforts alone result in only a delay of several
hours to a similar peak fire (Figure 40, curves 11, 12),

S B el

For the high building density tract, massive firefighting
efforts are required to provide limited fire spread (Figure 38,
curve 6); and, with fire prevention added, a definite benefit is
gained (Figure 38, curve 9), All lesser combinations of fire pre-
’ vention and firefighting allow substantial fire development with,
for the most part, only marginal time delays (Figures 36, 37).
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The low density tract is just barely controlled with moderate
(10%) firefighting (Figure 39, curve 5); and, the minimum of one
fire suppression per 15 minutes is required (compare curves 4 and 5
of Figure 39). 1Increases in fire suppression or the addition of
fire prevention measures provide added benefit (all curves, Figure 41).

6.3.4 Local Fire Development in Areas of Moderate Blast Damage

Tracts 4, 16 and 5, 18 were selected for further study in the
area suffering moderate blast damage. Tract 4, 16 lies nearer the
outer bound of this region but has the greater weapon ignition
frequency since overpressures at tract 5, 18 put out more fires
(0.045 fires per building in tract 4, 16; 0.016 fires per building
in tract 5, 18). Tract 5, 18 was examined at building densities

of both 5 and 15 percent of ground area. Tract 4, 16 was examined
at 5 percent building density only. All 12 fire prevention/fire-
( fighting levels of effort may require slightly larger numbers of
' brigades and self-help teams due to scattering of debris in this
region, particularly in tract 5, 18.

Tract 4, 16; Moderate Blast Damage; Frequent Weapon Ignitions

Results are presented in Figures 42 through 47. As shown in

Figure 42 (curve 1), the decreased compartmentation of these blast
damaged structures have lead to increased rates of fire spread,

producing a peak fire (without fire prevention or firefighting

efforts) in about 3% hours involving the simultaneous burning of

over 30 percent of all buildings in the tract, with the majority

of other buildings already burned. As shown by Figures 42, 43,

and 44 none of the various combinations of fire prevention and/or
firefighting activities prevented similar results from occurring,
although several combinatiuns produce several hours delay to peak fire.

In the low density (5%) tract without fire prevention or fire-
fighting efforts, peak fire conditions also were quickly achieved
(about 4 hours) with about 24 percent of all structures simultaneously
aflame (Figure 45, curve 1). As shown on Figure 46, massive (207%)
firefighting efforts were required for control (Figure 46, curves
6 and 9). Also, the somewhat academic case of constant suppression of
5 fires each 15 minutes produced (barely) success (Figure 46, curve 7).
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As shown by curve 8 of Figure 46, the 90 percent prevention of
ignitions was insufficient to permit fire control with a moderate
(10%) effort. Other cases examined produced, at best, several hours
delay (Figures 45, 47).

Tract 5, 18; Moderate Blast Damage, Moderate Weapon Ignitions

Results are shown in Figures 48, 49 and 50. As mentioned
earlier, this tract was examined only at a building density of 15
percent of ground area. The reduced ignition frequency, compared
to tract 5, 16, results in some delay in rapid fire development;
but, other than this modest time delay, little other effect is
noted. Only massive firefighting following a 50 percent ignition
prevention shows a decided impact on the results (Figure 50, curve
9); and, even this case is being lost at 10 hours.

On the basis of the relative impact of location on fires in
the 15 percent building density tracts, fires in tract 5, 18 with
5 percent building density is expected to be somewhat less severe
than that reported for tract 4, 16 at the 5 percent building density.

6.3.5 Local Fire Development in Areas of Severe Blast Damage

The area of severe blast damage is considered to extend 3.7
miles (3.5 psi) from ground zero. In that region, ignition fre-
quency varies from 0.0156 fires per building up to 0.2485 fires
per building. As stated in Section 4.3, at most blast angles, the
debris tends to occur in one-half block segments with potential fire
breaks at the street and alley boundaries, at least near the per-
imeter of the severe damage area. (Since garages were not included
in the analysis; and all buildings were placed identically on their
lots, it is possible that only the streets will retain fire break
potential in a more realistic building pattern.) Thus, each segre-
gated debris pile will contain debris from 16 (or 32) houses.

For tract 4, 21, selected for study, the ignition frequency 1s
expected to be 0.0226 ignitions per house (2.5 miles from ground zero).
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For the 16 house half block, the probability of ignition is at least
36 percent (16 x 0.0226 x 100). (Probability of an ignition in each
block exceeds 72%.) This number is oprobably somewhat low since
external fuels can be expected to contribute further ignition sources
that can develop into debris fires in this severe damage region.

Figures 9 through 17, presented earlier, describe the gross
debris distribution. To obtain an approximation of the fraction of
the debris that is combustible, two segments of the ''mormal blast"
distributed debris were further analyzed. These were taken near mid-
block where the debris pattern consists of repetitive ''waves' of
debris. The sections were located approximately on section lines
2 and 5 as skown in Figure 9. The analysis consisted of examining
each piece or fraction of a piece in each unit rectangle of ground
area and distributing its total weight into weight of combustible
and weight of noncombustible based on its function in the original
house. The total weight of combustible and the total weight of non-
combustible were then summed for each rectangle; and, provided an
average value of percent combustible for the rectangle. No averaging
across sections was done (method used for Figures 10 through 17);
and thus peaks and valleys are accentuated. Figures 51 and 52 pre-
sent the results obtained for the profiles near section lines 2 and
5 respectively (see Figure 9). From these, the bulk of the debris
pile is 60 to 70 percent combustible.

Wiersma (Ref. 58) presents experimental results for a fuel
(12 1b/ft?) pile having 50 percent combustibles in a 7 mph wind
which indicate an average flame spread rate of 1 ft per minute.
A (12 1b/ft?) fuel pile of 100 percent combustible spread flames
at an average rate of 1.8 ft per minute. A wind speed of 3 to 3.5
mph produced flame spreads of 1.5 to 2.6 ft per minute for similar
debris piles. As the pile sizes grew large, the wind effects appear
to decrease. Thus, it appears reasonable that, for the deeper piles
considered here, a flame spread rate of 1 ft per minute in all direc-
tions can be assumed. On this basis, the half-block of debris,
ignited at one end, would be totally involved in about 10 hours. If
suffering a single ignition near the middle of the pile, this time
is reduced to 5 hours.
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7. THE EFFECTS OF FIRES ON BASEMENT SHELTERS AND PEOPLE SURVIVABILITY

Although the city considered in the previous chapters consists
of identical framed buildings, the fire effects information pro-
duced is capable of providing qualitative judgements on the effec-
tiveness of several different below grade personnel shelters.

Three types of shelters are postulated and their effectiveness in
providing protection in a blast-fire environment is evaluated in
terms of specific fire environments and fire prevention and suppres-
sion measures considered in the previous chapter. The three shelters
are described as follows:

1. Conventional basement of the TEAPOT HOUSE strengthened

to provide additional blast protection. This includes

strengthening the floor system over the basement with

additional supports for joists and girders, blocking of
windows and doors leading into the basement and mounding

the structure with soil up to the first floor level. A
mechanical ventilation system is also assumed to be provided.

2. Preengineered (slanted) dual-purpose shelter. In this
case, instead of a wood joist floor system over the basement,
the residential building is assumed to have a reinforced
concrete slab. The peripheral walls are concrete block as

is the case with the TEAPOT HOUSE. Window wells and doors
are adequately blocked off, the structure is mounded with
soil to the first floor level and a mechanical ventilation
system is provided.

3. Expedient, single purpose buried pole-type shelter

(Ref. 59) placed in an open area behind a residence in

the rearmost portion of the back yard.

These shelters are first assumed to be located in local areas
of moderate and light blast damage and then in areas of severe blast
damage. Their effectiveness in providing protection both against
the blast and the fire environment is discussed in the following

sections.

7.1 sShelters in Local Areas of Moderate or Negligible Blast Damage

It will be recalled (see Table 6) that moderate blast damage
for this category of buildings occurs in the overpressure range
from 2 to 3.5 psi. In this range each of the shelters described
above has sufficient blast resistance so that blast effects, i.e.,
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primary blast, dynamic pressure and debris from the breakup of the
building should not present a serious hazard to shelter occupants.

A conventional basement (such as the TEAPOT HQUSE basement) is

cavable of being upgraded to provide blast protection far in excess |
of 3.5 psi. It will be recalled that the TEAPOT HOUSE located at

the 5 psi overpressure range in Nevada (Ref. 60) was totally destroyed.
However, the basement was mostly unaffected. '...only in limited
areas did a complete breakthrough from the first floor to the base-
ment occur, the rest of the basement was comparatively clear and

the shelters located there were unaffected" (Ref. 60). The proba-
bility of people survival in the TEAPOT HOUSE in Nevada was very
nearly 1.0 against blast effects.

As indicated in the previous chapter, no major differences in
fire effects are expected between those in areas of moderate blast
damage, and those where blast damage is negligible. 1In both of
these cases, most of the structural fuels remain on site. Thus,
these two regions are considered together.

In both regions, fire prevention/suppression efforts are neces-
sary to prevent a general burnout of the local areas at either
(5% and 15%) building density studied. Without such a combined
effort, buildings over and around the shelter areas are expected
to burn.

7.1.1 Conventional Basement

The basement with the wood joist overhead floor will fill with
smoke and toxic gases once the residence is ignited. This is due
to the fact that the first story walls being hollow will conduct
the gases between the studs and into the basement. SRI has demon-
strated by experiment that this occurs even if the first story
floor is covered with soil. No data are available for the situ-
ation with soil in the stud spaces. To place soil between the wall
stud spaces would require ripping out significant portions of the
wallboard and perhaps weakening the structure in the process.

In the lower (5%) building density region firefighter efforts
might be successful in protecting the structure over the basement
from burning. In more densely built up areas this would be much
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more difficult to achieve unless the building housing the shelter
was located in a locally low density region or uniquely separated ,
from surrounding structures. '

The probability of people survival in such basements would be
dircctly related to the probability that the building above the
basement does not burn. Without fire prevention/suppression efforts
the probability of survival would be very low in which case the
shelter would need to be evacuated, i

7.1.2 Preengineered Shelter |

Burnout of a standing building over a basement covered with
a reinforced concrete slab has been shown to offer minimal effects
on the heat environment in the basement below (Ref. 19); and, a
number of simple countermeasures have been demonstrated to further
minimize shelter heating (Ref. 19, 20). Fresh ventilation air is
expected to be readily available (Ref. 18, 19, 20, 21). Thus, this
type of shelter can be protected against fire effects with very
limited fire prevention/suppression efforts. This would include
_removal of burning or smoldering debris from basement entranceways
and fresh air intakes. The probability of people survival in such
basement shelters is therefore high and is only weakly dependent

on the probability that the building above the shelter does not burn.

7.1.3 Expedient Shelter

Since residential structures are expected to remain essentially
on site in these regions of blast damage, shelter occupants in
expedient, pole type shelters should find no need for any specific k
remedial action against fire effects. The probability of people
survival in such shelters is therefore very close to 1.0.

7.2 Shelters in Local Areas of Severe Blast Damage

For this category of structures, severe damage is considered
* to occur at free-field overpressure ranges greater than 3.5 psi
(see Table 6).

| .
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7.2.1 Conventional Basement

There is little hope that occupants of shelters with wood
joist overhead floor systems can remain within the shelters over
any extended time period in ignited vortions of the severe blast
damage region. Blast damage to shelters and ignited debris piles
combine to produce highly hazardous environments. Only a very
fortuitous weapon direction relative to *he housing pattern would
prevent a collection of significant debris from the building
housing the shelter and/or from its immediate neighbors. The
probability of people surviving fire effects in these types of
shelters in regions of severe blast damage would be low and cer-
tainly less than 0.5.

7.2.2 Preengineered Shelter

The basement with a reinforced concrete overhead slab and pro-
tected openings is still expected to be habitable in terms of shel-
ter heating as will be shown below. Viable air supplied may be
available particularly in the lower building areas. However, this
is not a certainty. Local variations in the built-up areas may
detrimentally affect air quality in such areas.

Returning to the question of shelter heating, one can project
the following potential fuel loadings over the shelter room (treating
Figures 10 through 17 as 60 to 70% combustible).

e Up to about 25 1b/ft? for the 5% building density
e Up to about 75 1b/ft? for the 15% building density

Thus, the extremely high combustible load of the TEAPOT HOUSE provides
a most severe fire exposure to a dual-purpose shelter placed under-
neath, for the '"normal" blast direction. Even the 3" degree blast
direction produces significant debris on a large portion of the
shelter roof. Shelter Test 70-6 (Ref. 19) and Shelter Test 72-14
(Ref. 20) give an indication of the magnitude of shelter heating

for a 12 inch overhead concrete slab and indicate a strong need for ]
countermeasures if the shelter is to remain habitable. Possible
countermeasures may include removal of debris from over the shelter,
the air intake vents and entranceways, putting out fires or evacu-
ation. The probability of people surviving fire effects remains

moderate.
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7.2.3 Expedient Shelter

The expedient, single purpose pole shelter, assumed to be
earth covered and under less debris, should suffer only minor
shelter heating problems. However, there may be a period during
which air quality is a problem. This may be mitigated by means
of preattack and/or postattack countermeasures. The probability
of people survival in this shelter in regions of major blast
damage should remain high, greater than 0.5.

7.3 Probability of Survival

The probability of people survival, P(S) in a shelter can be
expressed as follows.

P(S) = P(S,.) P(5,,) P(Sg,) P(Sgp) (1)

where P(ssc) probability of surviving structural collapse,

i.e., debris effects

P(Sur) probability of surviving prompt nuclear

radiation
P(Sfe) = probability of surviving fire effects

P(Sfr) probability of surviving fallout radiation.

For the range of overpressures of interest to this study, i.e.,
less than about 10 psi primary blast is not a problem and is there-
fore not considered. Also, for beiow grade; basement type shelters
dynamic pressures in this overpressure range should not pose a
serious hazard and are also not considered. Procedures for deter-
mining the probability of survival against structural collapse and
nuclear radiation are given in References 61 and 62.

P(Sfe) is a function of the probability of ignition which in
turn is a function of preattack countermeasures, and the probability
of fire suppression. P(Sfe) is also strongly dependent on the type
of shelter and its location, i.e., zone of moderate or light struc-
tural blast damage, or zone of major structural damage. For example,
for the wood framed basement shelter (category 1), P(Sfe) is a very
strong function of the probability of ignition and the probability
of suppressuon, because the shelter has a low resistance to fire
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effects. Thus, if the probability of ignition is 1.0 and the prob-
ability of suppressionis 1.0, then the probability of people survival,
P(Sfe) is also 1.0. On the other hand, if the probability of igni-
tion is 1.0 and the probability of suppression is zero, i.e., the fire
is too large to be put out with available means, then P(Sfe) would

be zero unless the people are evacuated.

For the category 2 shelter, i.e., basement shelter with a rein-
forced concrete overhead slab, the probability of surviving fire
effects is still a function of the probability of ignition, however,
depending on the level of blast damage in the area we may be more
concerned with some level of mitigation (removal of burning debris
from air intakes, etc) than with suppression of the fire itself.

In the case of the category 3 (expedient, pole type shelter,
the probability of surviving fire effects depends on where the
shelter is located. If located in an open area in the zone of
moderate to light blast damage then the probability of surviving
fire effects is very nearly 1.0. If located in the zone of severe
blast damage, the probability of surviving fire effects depends on
the ability of individuals in clearing the areas around the entrance-
ways and the air intake vents.

P(Sfe) is a complicated, nonlinear function which depends on
the type of shelter structure, the local blast environment, local
fire environment and on preattack and postattack countermeasures
including evacuation. Information generated in this preliminary
study and that available in the open literature is not sufficient
to define this function in any more detail than was done in this
chapter. More work, along the lines conducted in this study would
be required,
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8. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary

The objective of the research study described in this report
was (1) to perform a preliminary analysis of hazards to sheltered
personnel in a blast-fire environment produced by the detonation
of a nuclear weapon, and (2) to lay the groundwork for developing
a formal methodology for estimating the probability of survival
in a blast-fire environment.

Previous civil defense studies dealing with people surviv-
ability have been primarily concerned with the prompt effects,
i..e., thermal radiation, prompt nuclear radiation, primary and
secondary blast. Studies dealing with fire effects have only
indirectly addressed the problem of people survivability and were
primarily concerned with the character of the fires and associated
hazards. In fact until very recently blast and fire effects have
been treated as separate, uncoupled problems.

This effort began by selecting four buildings which would be
used for constructing a variety of different city blocks and then
portions of cities. These would then be used to site shelters and
to study the effects of blast and fires on shelter occupants. This
included two single-family residences, a low-rise multi-family resi-
dence and a high rise residential building. All are real buildings
and represent a realistic sample of residential construction in
terms of possible structural systems and building materials. The
TEAPOT HOUSE had been built and tested in Nevada. The other three
buildings exist in Chicago, Illinois at this time and are of recent
(1978-79) construction. Building plans were obtained from local
builders.

With the four buildings it is possible to postulate a variety
of different city blocks. 1In fact a total of 17 different city
blocks can be defined if we form combinations of four items taken
one, two, three and four at a time. These blocks can then be
combined in a large number of ways to form towns, cities or portions
of cities. Such an inhabited land area would then be subjected to
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simulated nuclear weapon attacks which would result in debris dis-

tributions and corresponding fires. Prompt effects and fire hazards
in selected blocks containing shelters would be quantified and the
probability of survival for shelter occupants determined.

Each of the four buildings was analyzed to determine over-
pressures necessary to produce incipient collapse and breakup. On
the basis of this analysis a debris catalog was determined for each
building. A debris catalog contains all of the pieces a building
breaks into when subjected to incipient collapse overpressure.

Each debris piece in the catalog is described in terms of the
following parameters, i.e., weight, size, largest and smallest
projected areas, center of gravity coordinates of the initial posi-
tion prior to separation from the building, velocity and acceleration
at the time of separation. In addition to building parts, the debris
catalog also includes a typical (basic) set of furniture items.

In a given attack situation each debris piece is subjected to
the blast loading experienced at the location of the subject building
so as to determine its final location downstream. The given city
block in which the debris distribution is to be determined may
receive debris from several upstream and downstream blocks and
thus a large number of buildings. In determining the makeup of a
debris pile the task is to determine which of the pieces in the
given portion of the city will be deposited on the block under
observation and in what order in terms of arrival time. The latter
is an important consideration since arrival time is the parameter
which determines the variation of debris pieces with depth at a
given location. The task of determining the makeup of a debris pile
is obviously too difficult for hand calculation. Depending on the
building density, at any one time we may be dealing with several
thousand to several tens of thousand debris pieces. To expedite
the process, a computerized procedure was necessary. The
debris analysis program was formulated and written. This program
is described in Appendix A of this report and has the following
general functions and capabilities.
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1. Store and retrieve debris catalog data for subject
buildings.

2. For a given attack condition determine debris trajec-
tories, final ranges and times of arrival for each debris
piece in the catalog.

3. Determine which debris pieces from which city blocks
combine to form a debris pile in the city block of
interest. Determine the spacial distribution of debris
pieces in the block.

4. Provide information (printout and/or contour plots)

on the makeup of the debris pile for use in fire ignition

and fire spread analysis.

When the debris piles were determined and described, the next
step in the process was to determine the time dependent fir envi-
ronment. Time dependent fire effects were first determined for
the entire city. The IITRI Ignition Model was updated to reflect
recent analyses of blast modification of sustained ignitions
(primary fires); and, combined with predictions of secondary fires
to describe the initial ignition pattern over the city from a 1 MT
near-surface burst. The IITRI fire spread model was applied
directly to the area of light damage, and then modified, and applied
to the moderate damage regions. Fires in the area of severe damage
were assessed, assisted by results of past debris fire experiments.

Fire spread throughout the city was assessed for a 15 percent
building density assuming no concerted firefighting efforts. Indi-
vidual tracts were then reevaluated to establish the impact of
fire prevention and firefighting efforts on local fire progress
and severity. On the basis of these results, qualitative evalua-
tions of people survivability in the three different shelter types
were made.

8.2 Conclusions

This study has taken a first comprehensive look at a very
complex and a very difficult problem, i.e., evaluation of hazards
and the probability of people survival in a blast-fire environment
produced by the detonation of a 1 MT nuclear weapon. In spite
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of the difficulties encountered in this study, a great deal of work
has been done and a great deal has been accomplished as described

next.

A computer algorithm for determining the makeup of debris piles
produced by the breakup of buildings when a large inhabited area
is subjected to the detonation of a nuclear weapon has been formu-
lated and programmed. A comparable research tool did not exist in

the public domain.

The IITRI fire ignition and fire spread computer programs were
modified to be able to predict ignition and spread of fires in
regions where buildings are modified by blast. This capability
did not exist either. A city consisting of basically one building
type but three different below grade shelters located in selected
city blocks, was quantitatively described and subjected to a 1 MT
simulated weapon attack with the weapon detonated near the ground
surface. Corresponding blast effects were applied to the subject
buildings. On this basis three zones of blast damage were identified
i.e., severe, moderate and light blast damage. A debris transport
analysis was performed resulting in debris distribution. Debris
piles on selected city blocks were quantified in terms of height
and composition at different locations on the block. Using the
modified fire ignition and fire spread computer programs, a time
dependent fire environment corresponding to the imposed attack condi-

tion was determined.

The three personnel shelters studied include (1) a conventional
wood framed basement upgraded for additional blast resistance,
(2) a conventional residential basement with a reinforced concrete
overhead slab, and (3) an expedient wood pole-type, below grade
shelter.

The first category shelter was found to be only marginally
effective even in the zone of light blast damage. Probability of
people survival in such a shelter is strongly dependent on the
probability of ignition and the corresponding fire supression
measures. This type of shelter is not recommended in fire-prone
areas without substantial countermeasures, Category 2 shelter is
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quite effective in zones of light to moderate damage requiring
few countermeasures. In areas of severe blast damage, and due to
large quantities of burning debris, the effectiveness of this shelter
is diminished. Significant countermeasures are required to maintain
its effectiveness. The expedient, pole-type shelter proves to be
the most effective of the three. This is due to the fact that this
shelter can be sited in open areas away from potential debris sources,
thus minimizing the problem of burning debris in its immediate
vicinity.

With the completion of this study the groundwork has been
laid for the development of a consistent, formal methodology for
estimating the probability of people survival in a blast-fire

environment, when in shelters or when in the open.

8.3 Recommendations

It is recommended that the study reported here be continued
with the 6bject of developing a methodology for predicting the
probability of people survival in a blast-fire environment. Reliable
information in this subject area is currently wvery limited and there-
fore the development of needed information deserves serious consi-
deration. .

Such information can be used for casualty assessment, siting
of shelters in risk and host areas, and evaluating the effectiveness
of different shelter concepts. The information on the extent and
makeup of debris piles may also be useful for the planning of post-
attack rescue and cleanup operations.

The computer program developed on this study should ve fully
checked out, documented and made available to interested users in
agencies engaged in similar research efforts.

136




APPENDIX A: USE OF DEBRIS ANALYSIS PROGRAMS

The three debris analysis programs described here are meant
to be used in two major steps. The first step involves the use
of the TRAJCT program. An iterative process is suggested to
determine adequate and efficient input parameters for use with
the TRAJCT program. In the second step the RANGER and BLOCK
programs are used to convert the calculated trajectories into
debris pile descriptions.

As previously described, 18 input parameters are required
by the TRAJCT program to determine the trajectory of a debris
piece. More than one debris piece can be described by one set
of parameters. Efficiency requires that as many debris pieces
as possible are described by each set. However an accurate
answer is not possible for a group that is too diverse. The
diversity of the group is controlled by the eight covariance
input parameters. The accuracy of the answer is suggested by the
relations between the range, the expected range and the standard
deviation of the range and the time to rest, expected time
and standard deviation of the time. The expected values and
standard deviations are calculated by decision theory and are
a function of the covariance parameters. In general, the expected
values are brought nearer to the deterministic values by
decreasing the covariances. This implies selecting a smaller
debris group.

The TRAJCT program calculates the partial contributions to
the standard deviations in expected range and expected time due
to eight input parameters. These values are useful in deciding
which parameters must be changed when a more selective debris
group is required.

Two input parameters are not included in the partial
contribution scheme, the number of bounces, NB, and the differen-
tial increment for the partial differentiation, FX. NB, which

controls the number of times that the debris piece is allowed
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to strike the ground, is required to model the collision
properties of different debris types and because the program
becomes numerically unstable r larger numbers of bounces.
TRAJCT should be run for several values of NB to determine an
effective value. FX controls the differentiation step in the
numerical partial differentiation scheme. This variable can
sometimes be adjusted to eliminate numerical instability in the
solution scheme.

When satisfactory sets of input parameters have been
determined, TRAJCT runs should be made for all of the sets. If
more than one run is necessary, all of the output files should
be combined into one file. This combined file should be used
as an input file for a RANGER run. The RANGER run also requires
a file with initial debris coordinates. The file can be created
with the interactive DATA program.

The output file of the RANGER run can then be used as input
to the BLOCK routine. A file with structure locations is
also needed and can be created with the DATA program. The output
file of the BLOCK program describes debris distribution over a
given area. Further processing of this file is fairly simple
if desired.

A.1 Use of DATA Program

DATA is an interactive program to create input files for
the TRAJCT, RANGER and BLOCK routines. While not absolutely
necessary for the debris analysis, DATA provides a quick and
fairly easy input system. Some errors are caught by the program
and can be corrected immediately; others should be corrected
using a system file-editing routine. All input to the program
is from a terminal and free of format requirements. 7he program
prompts for the expected values and automatically formats
the output to the specifications of the intended program.
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DATA can create files for all three different programs.
The initial prompt in DATA is to pick the desired file type,
TRAJCT, BLOCK or RANGER. DATA must be rerun for each new file.
Once the option has been chosen, DATA prompts for the required
information. DATA asks for most values by their name used in
the intended program. Definitions and units can be found in
the following program usage descriptions.

Input for the TRAJCT and RANGER programs is an extremely
time consuming process. DATA can be stopped during these two
input sessions and restarted later. To stop the TRAJCT input
loop, respond to any prompt with a nonnumeric character and a
carriage return. To complete the file, rerun DATA, enter the
same file name, then answer "Y' to the "RESTART?" prompt. The
RANGER input loop can only be successfully stopped after the
"ENTER ICLASS, NB, IDTYP." prompt. The restart is similar to
the TRAJCT restart.

A.2 TRAJCT Input

To calculate the nominal values, expected values and
standard deviations of range and time for a debris group, TRAJCT
requires eleven parameters to describe the physical characteris-
tics of the group, six parameters to describe the blast environ-
ment and another parameter to control the numerical differentia-
tion scheme.

Five of the debris group parameters are the mean values of
weight, maximum surface area, minimum surface area, height, and
vertical angle, WE, AMAX, AMIN, HH and BB respectively. Five
others are the coefficients of variation of each of these
properties, COVWE, COAMA, COAMI, COVHH, and COVBB. The last is
the number of bounces, NB, that the debris particle would take.
This parameter covers the collision properties of the particle.
All eleven of these parameters must be input for each group.

The six blast parameters are the peak dynamic wind
velocity, VO, the duration of the positive phase of the dynamic
wind pressure, TO, the velocity of the shock wave, US, and the
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coefficients of variation of each, CVO, CTO and CUS. Each of
these parameters is constant for all the groups included in
one run.

The final input parameter, FX, controls the differentiation
step. The value FX = 0.05 was found to be acceptable for
almost all calculations.

Details of the input format are shown in Table A.1. Defini-
tions of all input parameters are in Table A.2.

A.3 Output File for TRAJCT

The output file of the TRAJCT routine contains five records
containing thirty-four values for each debris group. The
first record in the file is an echo of the input variables IC
and FX. The remainder are organized in sets of five containing
the debris group information. Along with a echo of the input
data, the first record lists the range, R, the expected range,
ER, the standard deviation of the range, SR, the time-to-rest,
T, the expected time, ET and the standard deviation of the
time, SR. The second two records are input data echos. The
fourth record contains the partial contributions of each of

eight input parameters to the total deviation of the range.
The fifth record lists the partial contributions of the eight
parameters to deviation in the time-to-rest. The details are
shown in Table A.3.
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TABLE A.1 INPUT FILE FOR TRAJCT

PDP-11 File Name - TRAJIN

Logical Unit Number - 5

Record Column
Number Name Units Number Format Comment
1 IC Integer 1- 5 I5 Number of groups
FX Decimal 6-13 F8.0 Differentiation step
2 Vo ft/sec 1-10 F10.0 Peak Wind Velocity
TO sec 11-20 F10.0 Phase Duration
Us ft/sec 21-30 F10.0 Shock Velocity
CvVo Decimal 31-40 F10.0 Coefficient of Variation
CTO Decimal 41-50 F10.0
Cus Decimal 51-60 F10.0

For each debris
records 3 and 4.

3

IDTYP

COVBB

group, include two records in the format of

Integer
1bsf

sq ft
sq ft
ft
radians

Integer
Decimal
Decimal
Decimal
Decimal
Decimal

1- 5
6-13
14-21
22-29
30-37
38-45

1- 5
6-13
14-21
22-29
30-37
38-45

Same as Record Number 3

Same as Record Number 4

I5

F8.
F8.
F8.
F8.
F8.

I5

F8.
F8.
F8.
F8.
F8.

OCOO0OO0O0O

OCOOOO

Group ID
Weight

Height
Angle (# 0.)

Number of bounces

Group number 2
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TABLE A.2 DEFINITIONS OF INPUT VARIABLES b

IC - Number of debris groups in this run

FX - Coefficient for numerical differentiation
(Use FX = 0.05 for most cases)

Vo - Peak wind velocity following shock wave

TO - Duration of the positive phase of the dynamic wind
pressure

us - Velocity of the shock wave

Cvo - Coefficient of variation of peak wind velocity

Note: 1In this program, all coefficients of
variation are defined as the standard
deviation of a property divided by the
mean value of the property.

CTO -  Coefficient of variation of positive phase duration
Cus - Coefficient of variation of shock wave velocity
IDTYP - Five digit integer code to identify debris group
! WE -  Mean weight of debris pieces in debris group
AMAX - Mean value of area of largest side of pieces in group ]
AMIN - Mean value of area of smallest side of pieces in group
HH - Mean value of height above ground for pieces in group
BB - Vectical angle between plane containing largest side
of debris piece
: NB - Number of bounces. The number of times that the
debris piece strikes the ground before TRAJCT stops it
COVWE - Coefficient of variation of the weights of the group
COAMA - Coefficient of variation of the maximum areas of
the group
COAMI - Coefficient of variation of the minimum areas of
the group
COVHH - Coefficient of variation of the heights of the group
L. COVBB -  Coefficient of the BB-angle of the group
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TABLE A.3 TRAJCT OUTPUT FILE

Record Variable Column
Number Name Units Number Format
1 IC Integer 1-10 I10
FX Decimal 11-18 F8.4

For every debris group there should be five records in the
following format.

: 2 IDTYP Integer 1- 6 16
i NB Integer 7- 8 12

R ft 9-16 F8.2
ER ft 17-24 F8.2
SR ft 25-32 F8.3
T sec 33-40 F8.4
ET sec 41-48 F8.4
ST sec 49-56 F8.4

3 WE lbsf 1- 9 F9.2
AMAX sq ft 10-17 F8.4
AMIN sq ft 18-25 F8.4
HH ft 26-~33 F8.4
BB radians 34-41 F8.4

4 COVWE Decimal 1- 9 F9.4
COAMA Decimal 10-17 F8.4
COAMI Decimal 18-25 F8.4
COVHH Decimal 26-~33 F8.4
COVBB Decimal 34-41 F8.4

5 PR(WE) Decimal 1- 9 F9.3
PR (AMAX) Decimal 10-17 F8.3
PR (AMIN) Decimal 18-25 F8.3
PR(HH) Decimal 26-33 F8.3
PR(BB) Decimal 34-41 F8.3
PR(VO) Decimal 42-49 F8.3
PR(TO) Decimal 50-57 F8.3
PR(US) Decimal 58-65 F8.3

6 PT(WE) Decimal 1- 9 F9.3
PT (AMAX) Decimal 10-17 F8.3
PT (AMIN) Decimal 18-25 F8.3
PT (HH) Decimal 26-33 F8.3
PT (BB) Decimal 34-41 -F8.3
PT(VO) Decimal 42-49 F8.3
PT(TO) Decimal 50-57 F8.3
PT (US) Decimal 58-65 F8.3 ?

- )

— - ey ——

amdaieababadt acnh x b




A.4 RANGER Input Requirements

RANGER requires three input files plus terminal input to
initiate the run. One input file is the output file of a TRAJCT
run. This file should contain range and time values for every
debris group. If more than one TRAJCT run was needed, all the
TRAJCT output files should be combined into one file to be used
as the RANGER input file. When RANGER is run, it will ask for
the name of this file. The second input file contains informa-
tion to link the coordinates of groups of debris pieces to the
appropriate range and time values. This file should be
created by a DATA run. The file format is shown in Table A.4.
Definitions are contained in Table A.5. RANGER will ask for
the name of the file with "X-Y DATA" when it wants this file.
The third input file is a data file with points taken from

: a normal curve. The file is explained in the theoretical

! discussion of RANGER in Section 3. A copy of the file is

| included in Table A.6. The data should be loaded as is into a
file named ''NORMAL,DAT'.

T

TABLE A.4 INPUT FORMAT FOR RANGER FILE

Record Variable Column Fortran
' Number Name Units Number Format Comment
1 NC Integer 1-10 I10 Number of groups

For each debris group, make one heading record followed by the
appropriate amcun* of coordinate records.

2 IDRAN Integer 1- 5 I5 RANGER ID
b IDMAT Integer 6-10 15 Material code
. NICC Integer 11-15 I5 Number of pieces
. ID1 Integer 16-22 17 ID for first piece

For each debris piece in group repeat following record format.

3 X ft 1- 8 F8.0 X-coordinate
Y ft 9-16 F8.0 Y-coordinate




TABLE A.5 DEFINITIONS OF RANGER INPUT VARIABLES

NC - Total number of debris groups for this run
IDRAN - The position of the group range and time information

in the TRAJCT output file. The groups are numbered

sequentiallyv from the first group in the TRAJCT

output
IDMAT - “Material code to aid post-processing. Any convenient

five digit number is compatible.
NICC - Number of debris piece coordinates which will follow

this record Each X-Y coordinates corresponds to

one uvbris pirce
1YV .ne debr: ., piece ID for the piece corresponding to

ne first coordinate. The remaining pieces will be

.umberec sequentially from ID1. This ID uniquely ]

identifies eacl debris piece throughcut the analysis.

TABLE A.6 INPUT FILE FOR NORMAL STATISTICS
.0000 .0040 .0080 .0120 .0160 .0199 .0239 .0279 .0319 .0359
.0398 .0438 .0478 .0517 . 0557 .0596 .0636 .0675 .0714 .0753
.0793 .0832 .0871 .0910 . 0948 . 0987 .1026 .1064 1103 ,1141
L1179 1217 .1255 .1293 .1331 .1368 .1406 .1443 1480 .1517
.1554 1591 .1628 .1664 ,1700 .,1736 ,1772 ,1808 .1844 ,1879
L1915  ,1950 .1985 .2019 .2054 .2088 .2123 ,2157 .2190 .2224
<2257 .2291  .2324  ,2357 .2389 .2422 ,2454 .,2486 .2517 .2549
.2580  .2611 .2642 ,2673 .2704 .2734 .2764 ,2794 .2826 .2852
.2881  ,2910 .2939 .2967 .,2995 .3023 .3051 .3078 .3106 .3133
.3159 3186 .3212 ,3238 .3264 .3289 .3315 .,3340 .3365 .3389
.3413  ,3438 .3461 .3485 .3508 .3531 .3554 .3577 .3599 .3621
.3643  .3665 .3686 ,3708 .3729 .3749 ,3770 .3790 .3810 .3830
.3849  .3869 .3888 ,3907 .3925 .3944 ,3962 .3980 .3997 .4015
.4032  .4049 .4066 .4082 ,4099 .4115 .4131 .4147 .4162 .4177
<4192 .4207 .4222 ,4236 .4251 .4265 .4279 .4292 .4306 .4319
.4332 .4345 .4357 .4370 .4382 .4394 .4406 .4418 .4429 4441
.4452  .4463 .4474  .4484  ,4495 .4505 .4515 .4525 .4535 .4545
.4554  .4564 .4573  .4582 ,4591 .4599 .4608 .4616 .4625 .4633
.4661  .4649 .4656 .4664 .4671 ,4678 ,4686 .4693 .4699 .4706
.4713  .4719 .4726 .4732 .4738 .4744 .4750 .4756 .4761  .4767
.4772 4778  .4783  .4788 .4793 .4798 ,4803 .4808 .4812 .4817
.4821  .4826 .4830 .4834 .4838 .4B42 .4846 .4850 .4854 ,4857
.4861  .4864 .4868 ,4871 .4875 .4878 .4881 .4884  .4887 .4890
.4893  .4896 .4898 ,4901 .4904 .4906 .4909 .4911 .4913 .4916
.4918  .4920 .4922 ,4925 ,4927 .4929 .4931 .4932 ,4934 ,4936
.4938  .4940 .4941 ,4943 .4945 .4946 .4948 .4949 .4951 .4952
.4953  .4955 .4956 .4957 .4959 .4960 .4961 .4962 .4963 .4964
.4965 .4966 .4967 .4968 ,4969 .4970 .4971 ,4972 .4973 .4974
.4974 4975  .4976  .4977 .4977 .4978 .4979 .4979 .4980 .4981
.4981  .4982  ,.4982 ,4983 .4984 ,4984 .4985 .4985 .4986 ,4986
.4987  .4987 ,4987 .4988 .4988 ,4989 .4989 .4989 .4990 .5000

coo01001-100-1111-1-11-1-11220-21020 2 0-=2
2 1-2-1 2-1-211 2-1-2 1-2-1 2 2 2-2-2 2-2-2 2
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A.5 RANGER Output

RANGER writes a debris list for every grid point with at
least one part of a debris piece located there. The first line
lists the I-coordinate and the J-coordinate of the point and
the number of debris pieces at the point. Each of the following
lines describes one debris piece at the point. The line lists
the debris piece ID, the time-of-arrival of the piece, T, the
material code of the piece, IDMAT, and the size coefficient of
the piece, SIZE. The format of the output file is shown in
Table A.7. Variable definitions are in Table A.8.

TABLE A.7 RANGER OUTPUT

Record Variable Column  Fortran
] Number Name Unit Number Format Comment
t ‘ 1 ND Integer 1-.8 18 Number of debris parts
, NI Integer 9-14 16 Length of I-axis
NJ Integer 15-20 16 Length of J-axis
XUNIT £t 21-26 F6.2 Length of unit
YUNIT £t 27-32 F6.2 Width of unit

For each grid point one record of type 2 is followed by a list
of records of type 3.

2 I Integer 1- 5 I5
{ J Integer 6- 9 14
KOUNT Integer 10-13 14
3 IDDEB Integer 1- 7 17 Debris ID
ET sec 8-14 F7.3 Time -of-arrival
IDMAT Integer 15-18 I4 Material code

SIZE Decimal 19-25 F7.7 Size coefficient




TABLE A.8 DEFINITIONS OF RANGER OUTPUT VARIABLES

ND - Total number of debris piece entries. Each debris
piece may cover several grid points and therefore
have as many entries.

NI - The length in unit rectangles of the output grid
in the X-direction.

NJ - The length in unit rectangles of the grid in the
Y-direction.

XUNIT - The X-direction length of a unit rectangle in feet.
YUNIT - The Y-direction length of a unit rectangle in feet.
I - The I-coordinate of a grid point.
I = X-coordinate/XUNIT + 3.
J - The J-coordinate of a grid point.
J = Y-coordinate/YUNIT + 3.
KOUNT - The total number of debris entries at this grid point.
: IDDEB - The unique debris piece identifier.
! ET - Time-of-arrival of a debris piece.
IDMAT - Material code of debris piece.
SIZE - Size coefficient. The fraction of the total debris

in this grid rectangle.

A.6 BLOCK Input

BLOCK uses two input files. One file is an output file of
a RANGER run. The second file is created by a DATA run. This
file contains the name of the RANGER file to be used, the dimen-
sions of the area to be studied and the locations of structures
on the block. The dimensions and locations are given in I-J
units which are the same as the ones in the RANGER run. Table
A.9 shows the format of this file. Definitions are in Table A.10.

i A.7 BLOCK Qutput

- The BLOCK output file is exactly the same as a RANGER
output file except that a two-digit house code has been added to
IDDEB. The first two digits of IDDEB now indicate the house
number from which the debris piece came.
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TABLE A.9 BLOCK INPUT FILE FORMAT

Record Variable Column Fortran

Number Name Units Number Format Comment

1 NAME1 Character 1-11 1H,5A2 RANGER filename
2 NHOUSE 1Integer 1- 6 16 Number of Structures
, NIB Integer 7-12 I6 Unit length of block
] NJB Integer 13-18 16 Unit width of block
i 3 IH1(1l) Integer 1- 6 16 I-coord of structure
JH1(1) Integer 7-12 16 J-coord of structure

IH1(2) Integer 13-18 I6
JH1(2) 1Integer 19-24 16

3H1(6) integer 67-72 16
1 Repeat record type 3 until all structures are included.

4 NAME2 Character 1-11 IH,5A2 Output filename

TABLE A.10 DEFINITIONS OF BLOCK INPUT VARIABLES

NAME1l - PDP-11 filename of file with RANGER output to be used
as BLOCK input.

NHOUSE - Total number of structures on block.

NIB - I-axis length of area to be analyzed and listed.

NJB - J-axis length of same area.

IH1,JH1 - I-J coordinates of X-Y origin of structure.

NAME2 - PDP-11 filename for output.

A.8 Further Qutput Processing

Additional output processing can be useful for the BLOCK
output file. Two codes were written to process the BLOCK output
for the IITRI analysis. These codes are specific for the structure
studied however, and are not included in this report.
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APPENDIX B:

LISTINGS OF IITRI DEBRIS CODES
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0001
0co2
. 0003
' 0004
i GI03
CGo
0567
0098
0609.
0019
ou 12
OO 14
0013
0010
0017
0013
2019,
] 0029
- 202t

0922

024

2923
{ G026
ov27
0028
0029
0G50
o031
6032

0033
[SBHE]
0033
0076
0037

0538
€aso.
004D
0041l
6o<2
063
9C44

3633
0946
[1aDre
6V43
0949,
030
6O b

B.1 Data

AN § 324
2013
2011

2020
2019

10

2030
it
30

FORTRAN IV Vo, 21 FRII 09~JAR-81! 01:23:03 PAGE 001l
DATA, DATA/-S2=DATA

D IMENS 10 NATIE(S), IH1(40), JH1(40),BB(3):

BEC 1) =6, 223 163 .
BB(2) = 1. 570796 i
TYPE =,’ ENTER OPTION "1" ,. "2* OR "3*." N
TYPE %,'  OQPIIOLS: 1. TRAJCT DATY"

TYPE ¥, 2. BLOCK DATA

TYPE s, 3. X & Y DATA"

ACCEPT 33,. IANS
FORIMATY [11)-
IFCIANS.EQ.2) GO TH 201
IF (IANS.EQ.3) GO TO 5Ot
TYPE ¥,'tNTER FILENAIE FOR DATA.. *
ACCLEPD 9, AT
FORILA IS A2)
CALL ASS . CN(1,RAIE, 100
VRITZ(3,2036)
FORMAT( " RESTOART?  ("Y" OR “N")r *, 00
READ(3,290537) ISTART
FORIIAT(ALD:
IFCISTART.EQ."N') GO TO 2010
READ( 11, 2012) {€,FX
FORIAT 15, 1'8.0)
READ( 1,25 13)' VO,T0,US,CV0,LCTO, CUS
FORMATH{OF 10,0)
DO 2020 LLL=1, 1000
READC 11, 201ill, END=2020)' KKLL

FORILATCALD:
COI'PITIVE
TYPE x,” ENTER NUIZIER OF DIBRIS TYPLES AND DIFFERENTIATION
ISTEP., *

ACCIEPT *,.1C,FX
TYPE =, ENTER VO,TO AND US.:*
ACCEPT x,V0,T0,Us
TYPE 8
FORY\T( 1 ,." ENTER COVVO,COVTOD, COVUS. ™
I, H0TE: COVVO= STANDARD DLV OF VO/IEZAR OF VO.. )
ACCEPT #,CV0,CTO,CUS
WRITE( 1, 10 IC,FX
FORMAT( 1 , 14, F8.40:
WRIMTE( u, 1it) VO, T0,US,CVD,CTO, CUS
TYPE 30
FORMAT( 181 ,F9:.2,3F10.3)"
FORMAT( 161 ,’" FOGR EACH DEBRIS PIECE, ENTZR °,/,.
1" HLZIGHT ALIAY AMIN  WEICHT ICLASS AWGLE',/,.
2" (F1M ) (SO (SQrm: (LBS): (RADY"', /.
3" _ THEN ENTER’~//
4" NB COVWE COVAMA COVATMIi COVIIH COVBB'',///):
DO 190 IIF L, IC
NUM=0O
WRITE(S,2034) IDTYP+1I
FCRMAT( > #*, I, = *,8):
READ(S,#, ERR= 10 1) I, AMAK, AMIN, V&, 1DTYP, BB
WVRITEC 1i,.18) IDTYP, WVE, AMAX, ATHN, Hil, DB
NUM=3
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FORTRAN 1INV
DATA, DATA/~-SP=DATA

0032
[ 75 )
0054
0353
00356
0037
(s [ 1)
oC3Y
0050
060 il
0063
0504
VG635
QUC¢7
6Ob8
0G69
covo
6071
ou72
0ev3
COV4
0C73
Oi° 7o
(A
UGT G
6379,
[S1chest]
o0 1
6082
0vZ3
GG oA
0633
0636
0937
0933
6639.
0340
€09.1
652
0093
009
0093
00396
0097
90986

15

16
101

15

200

10:

301l

Ve, 2~1 FRI 09~-JAN-81i 01::25:08

FORMATI( 10 , I, F8.2, 4F8. 4)
READ(S, #,ERR=101)' NB,CHH,CAMA, CAMI!, CWVE, CBB
WRITE( 1,16) RB, CWE, CAMA, CAMI, CHH, CBB
FORMAT( IH ,.IK, 3F8.4)"
GO TO 100
THPE %, LAST ENTRY CONTAINED AN ERROR..*
TYPE x,' DO YOU WANT T0 CONTINUE? (Y OR K): *
ACCEPT 32, ANS
FORIATCALD:
IF(ANS.EQ. V') GO TO 112
WRITE(F, 2035)"
FORIATC " RETYPE ENTRY °*)-
IF(NUIt. £Q.3) BACKSPACE 1
GO TO 122
CONTINUE
CALL CLOSE( 1)
CALL CLOSE(5)
STOP
TYPE ,' ENTER INPUT FILE NAME FOR BLOCK PROGRAM..’
ACCEPT 9, NATE
CALL ASSIGHR(1i,.’BLOCK.DAT'):
TYPE %,’ ENTER NUNDER OF HOUSES IN BLOCK..'
ACCEPT s, NHOUSE
TYP ¥, ENTER NUMBER OF ROWS IN BLASTI DIRECTION..
ACCEPT! *,NIB
TYPE ¥, ENTER NUIMNBER OF ROVS NORMAL TO BLAST.’
ACCIPT x,NJB
WRITE( 11, 17) NAME
FORTIATC 161 , 5AZ): -
TYPL ¥, ENTER OUTPUTD FILE RAME FOR BLOCK PROGRAM.’'
ACCIPT O, NAME
wRINEC 1,,18) NIOUSE,NIB, NJB
FORTZATCIEL , 1B ,216):
BO 2¢O JJ=1, NIICUSE
TY?E *,’ ENTER 1l,J. CCORDINATES FOR.HOUSE #'',JJ
ACCEPT %, IH1ICJJ), JOLCJIT):
CCHTINUE
WATTEC 14,100 ( THH(KK)+, JH1I( KK i, KK=:1/, NHOUSE)"
FORIT 1H L, 16, .1118)
VR 1, 17) NATE:
CALL CLGSEC I
STOP
CALL XYDAT
STIP
END
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FORTRAN IV, vez.2-1 FRIl 09~JAW-31 011:23:'13 PAGE 021
k DATA', DATA/-SP=DATA
2 0001 SUBROUTINE XYDAT
60602 DIPEINS ION NATG( )
0093 DIMENSION X(250)', Y(Z00):
0004 WRITE(S, 51
0693 Sl FORMATI( 8!, " FILENAME FOR OUTPUT? )
0066 READ(5,52) NANE
0007 52 FORMATI( 5A2):
006086 CALL ASSICN(2, NAME):
G909 WRITE(S, 533)
€019 3§53 FORMAT( 8, " NUMBER . OF CLASSES TO BE PROCESSED? ')
Co1il READ(Z, *) NC
0012 WRIME(2, 24D NC
0013 24 FORMAT( 1119D):
0014 DO 190 D=1, 1C
0015, 901 WRITE(S, 54
6016 S5 FORMATU &, .*° ENTER NGROUP,.IDTYP.. °*)
9017 READ(F, #)' NKGROUP, IDTYP
9018 WEETE(S,33)
901D 53 FOICWT( G, > NUMBER OF PIECES IN THIS CLASS? )
GI20 READ( 5, %) NICL
00211 992 WRITE(S, 57)
0922 57 FORMATH G),.” IDDEB FOR FIRST DEBRIS PIECE IN CLASS?> °)
0923 READ(S, %) ID1I
Qul4g WRITE(S, 1610+ NGROUP, IDTVP,NICL,.ID1I
€023 1581 rortaAm( -, 119,.18, .16, .15, //,." OK? ("Yi" OR."N"): *)
©026 READ(J,58)' ANS
1 0927 53 FORMATI( A'1)
. 0628 IF (ANS.EQ.'N’): GO TO 901
} 6030 903 WRITE(5,59)
6931 59 FOIRIATC > ENTER.X AND Y VALUES')'
Vo3 DO 1Y IiNIE:1, NICL
0833 199 READ( 5, ¥, ERR=1119)  X¢ IINID+, Y TLID:
€034 CO TO Mo
00335 119 VRIMTE(S, 162)' I
9036 152 FORMEATIC ™ REENTER #*', IH,."." )
0037 GO TD 10®
9038 1110 CONTINUE
9039 °04 WRITE(S, 163> ¢ I, XCHID, Y IO, HiTi=:11, RICL) 9
; 0940 153 FORMAT( 1110, 2F19.3):
04l WRITE(S, 164D
0042 154 FORMAT( ~, 8, . OK? ("Y" OR."N"): ')
0843 READ(5, 58): ANS:
0044 I (ANS.EQ.’'Y') GO TO 201
0046 WRITE( 5, 165)
. 0047 153 FORMATI( S, .” WANT T0 CHANGE: ALL? ("Y" OR."N") )
! 0648 READ(5.,58)' ANS
! 6040 IT(ANS.EQ. V') GO TO 903
! 0031 WRITE(T, 166)
: 0032 156 FORMAT &, " NUMBER OF CHANCES? °)
X i 0053 READ(S!, %) NCH
P 0054 WRITE(S, 187)"
0933 157 FORMATI( ™ ENTER . I, X( 1), Yi( ID'. * )+
- 0056 DO 120 NN=:1i, NCH
9057 READ( S5, )+ K, X(K)+, Y(K):

I

152




|

FORTRAN: IN. ve2.2-1 FRI 89~JAR-81' 01:25:13 PACE 002

DATA, DATA-SP= DATA

0058 120 CONTINUE

0059 GO TO 904

GuS0 201 WHITE(2,21): NGROUP,.IDTYP,NICL,.ID1i

067Gt 21 FORMATX 15, 16, IG, 17):

0..62 WLITE( 2, 22) . (XCKE)+, Yi( KK), KK= 11, FICL) ) ]
0063 22 FORIMAT( 2F8. 3) ;
6u64 16>  CONTIWUE '|
06U CALL CLOSE(2):

0966 CALL CLOSE(5)

0c67 RETURN

0¢68 END

FORTRA'T IV STORACE MAP FOR PROGRAM URIM .MAIN..
LoCsl V.IlIABDLES,. .PSECT SDATW,. SIZE = 000434 (. 142.. WORDS)'

NAME TWPE OFUSET NAME  TYPE OFFSED NAME TYPE OFFSET

AN Rus 000852 ATNIN  R¥4l  6OO356 ANS  Rx4l 000414

CATA  R:d  QOCU74 CANIl  Ridl 000400 CBB  Rxdl 000410

CHIi 000370 CT0 R4l 000324 CUS  Rx4l 000330

cvd 50320 CWVE R4 000404 FX Rt4l 000360

il : 000THY IANS 2 600272 Ic Ix2 000276

IECTP B2 099344 1l 62 006340 ISTART I*2  GO0274

JJ B2 000426 KK 152 000430 KL  Ix2 000336 1
LLL 132 006354 K3 B2 000366 NHOUSE I*2 000420 i
NiD 12 000202 NJB 2 000424 NUM.  I%2 000342 1
TO R4 GO0S 10 us Ridi 000314 Vo Rt 000304 |
WE Ridi 000362 ;

LOCAL. AND COITION ARRAYS::

NAME ™MPE SECTIODN OFFSET SIZE: DIMENS IONS: i
BB e CDATA 000252 G000 ( 6.3 (3 :
TH1i B £DATA 600012 G0OI120 ( 49.) (40): ;
JHN 2 SDATY 000132 000120 ( 40.) (40) !
NAMNE n2 SDhATA 0053GG0 000012 ( §.) (B) i

SUBROUTINES,. FULCTIORS,. STWTENZNT AND PROCESSCR-DEFINED FUNCTIONS::

NATLZ TYPE NATLE TYPE NATMZE TYPE NAME TYPE NAME TYPE
ASSICN Rx4i CLOSE R¥4i XYDAT R4

FORTRYT 1YV STORAGE [1AP FOR PROGRATE UNIM XYDAT
LOCAL VARIABLES,. .PSECT 8DATA,. SIZE = 003162 (. 825.. WORDS)

NATMGE TYPE OFTFTSET NATME MPE OFFSET NAME TYPE OFTFTSET
ANS Ridl 000 IM2 IDTYP k2. CO3 184 ID1i w2 CC31KD
bl w2 033150 i 12 003146 1T 2. 031380
K 2 003159 KE I2. 003160 NC I*2. 003126
NCH 0 0(3i62 NGROUP I2 003132 NICL Ix2 003136
NN ol QU384

LOCAL AND COMMON ARRAYS::

NAME TYPE SECTION OFFSEN SIZE: DIMENSIONS
NAME In:2. €DATA 000000 000012 ( 5.) (3)

X R EDATY 003312 CO144D (  480.)' (200):

Y Rud SUATA 001432 001KHD (. 400.)' (200)

SUETOUTINES,. FUHCIHONRS,, STATEMINT AND PROCLESSOR-DEFINED FURCTIONS::

NANE T(PE | SRS TYPLE NALE TYPE RAME TWPER NAME TYPE
ASSIGN Rt4  CLOSE R4
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B.2 TRAJCT

. FORTRAM IV vo2.2~1 FRI 09-JAN-81 01:43:03
TRAJCT, TRAJCT/-5P=TRAJCT

canoa

0coll
0962
6903
6o
6oud
0006 53
9507
0608 56
0509
6019
0oLl O7
o012
0913
0014
6013

o ana

oG
e @

C ¥ x
0037
Xk L
kR L

CONTRIBUTION OF EACH INPUT VARIABLE TD VARIANCE

PAGE 001!

* ¥ PROGRAM TO STATISTICALLY AVALYZE DLAST! DEBRIS TRANSPORT
* ¥ COMPUTES EXPECTED VALUE ANND VARIAWCE OF RANGE AND TIME

DIMENSION E(?), V(7)+, A(?), DR(?) ,DT( 7), DDR(7):, DDTI(?) , PR(B), PTI( B):

DITIENS DO STD(?): » NATE( )

COMON ND

CALL ASSIGN(G,.TIi::")

VRIME(S,35)

FORTEATI( S, NAME OF INPUT FILE? (19 CHAR MHAX):
READ(5,50) NATE

FORMAT( GA2):

CALL ASSTGN( 1i, NAME):

WRITE(5,57):

FORMATI(S,." NAME OF OUTPUN FILE? (10 CHAR IMAZ):
READ(3J,56) NAME

CALL ASSTGI(2, NAME)

CALL CLOSZE( 1)

CALL CLOSE(2):

* ITERATE OVER CASES

READ( 11,59) IC,FX

FORMATC IS, F8.9)
READ( 1, 49) VO, T9,US, CVD,CTO, CUS
FORMATI(6F10.0)
E(6)=VO

E(?)=TO

STD( 6)=COVVO*VO
STD( ?) =COVTO*TO
V{(6)=STD(6) %2

V(7)) =STD(T) k%2

FH= 1. +FX

FL=1l.-FX
WRITE(2..11) IC,FX
FORMATI 10T ,.IO:, F8. 4D
DO 51 KK=1,IC

¥ READ NOMINAL VALUES

READC 11,10+ 1DTYP, WE, AMAX, AMIN, HH, BB,
FORMAT( IG5, 5F8. 0):

- INIMTALIZE DIME AND VELOCIMYi

=90,

VV=0.

WW=0.

EE=0.

READ INPUT COEFFICIENTS OF VARIATION

READ( 11,3): NB, COVWE,COVAMA, COVAMI!, COVHH, COVBB
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FORTRAN IV
TRAJCT, TRAJCT/-SP=TRAJCT

0033

0039
6040
0041
0042
06413
0043
6045
0016
0047
0048
0049
6639
0051
0032
0CH3
60354
0635
6036
00357
0038
00659
Q0¢O
06061
6062

0663
0064
0053
00066
06oev

€008
0569
0670
0971
0072
0073
0074
6075
0970
60?7
0373
(R
€080
6081
60382

06383
6O84
6535
0G86
6va7

3
C %

b

FORTRAN IV
TRAJCT, TRAJCT/-SP=TRAJCT

60873
603>
0090
0091
GLo2
0093
009
0G93
8076
6497
G058
0C99
0100

10
13
14

12
51

vel.2-1 FRI 69-JAN-81 01:43:03 PAGE @92

FORMAT( 15,5F8.0)

SCT EXPECTED VALUE AND VARIANCE OF INPUT
E(1V=VWE

E(2)=AMAX

E(3)=AMIN

E(4)=HH

E(5)=BB

STD( 1) =COVWE*VWE

STD(2)=COVAMAXAMAX

STD(3)=COVAMI:AMIN

STD( 4) =COVHH*xHH

STD(5)=COVBB*BB

V(1)=STD( 1) *%2

V(2)=STD(2) **2

V(3)=STD(3) **%2

V(4)=STD( 4) ¥%2

V(5)=STD(3) **2

CALL DAAB(WE, AMAX, AMIN, HH, BB, VO, TO, US, TT, VV, WW,EE,R, T
Do § 1=1,7

Do 6 J=1,7

A(J)=ECD)

DX=FX+:STD( 1)

ACD=EC(19+DX

CALL DAAB(CAC1),A(2),A(3),A(4),A(D) ,A(6),A(?),US,TT,VV, WV, EE, RH, TH)
ACD)=ECIY-DX

CALL DAAB(AC1),A(2) ,A(3),A(4) ,A(5),A(6),A(?),US,TT,VV, WV, EE,RL, TL)
COMPUTE IMIRST AND SECOND PARTIAL DERIVATIVES
DR 19 =(RI-RL) /(2. %DX)

DT( 17 =(TH-TL) 7 (2. *DX)

DETY D =(RIHAL-2. %R) /7 {DX) w2

BDT( 1) = ( TU+TL~2. 3T 7/ (DX) sk5:2

CCHTINUE

CGHMPUTE EXPECTED VALUE AND VARIANCE
SUMI=0.

SUM2=0.

SUN3=0.

SUN4=0.

Do ¢ I=1,7

SUNMI=SUMN1+BDR( 1) %V(I)
SUM2=SUI2+DDT( 1) *V( I)
SUM3=SUH3+DR( 1) #4:2::V( 1)
SUNL=SUL+DT( 1) *:u:2%V( 1)

ER=R+. 5::8UM1

ET=T+.5::8UM2

VR= 3UII3+ ( COVERER) 8322

VT=SUlLi%+ (COVESET) 52

SRi=SQRT( V)

ST=SQRT(VT)

CO!PUTE IKDIVIDUAL CONTRIBUTIONS TO UNCERTAINTY
Do 8 I=1,7

PR 1) =DR(.I) %2V 1) VR

PTC 1D =DT( I) %2V 1) /VT

PR(8) = (COVE*ER) x*2/VR

PT(B) = (COVE*ET) **2/VT

ve2, 2-1 FRI 09-JAN-81 01:43:03 PAGE 003

WVRITE(2,10) IDTYP,NB,R,ER,SR,T,ET,ST
r¢érraTC1nd L, 15.12,2r8.2,F8.3,3F8.4)
VRITE(2,13) WE, AHAX, AMIN, O, BB
FORNAT(1H ,F8.2,4F8.4)

WVRITE(2,.14) COVVE, COVAMA, COVAIL, COVII, COVBB
FORMATC 111 ,5F8.4)

\RITE(2, 12) (PR(I) ,1=1,8) ,(PT(I),1=1,8)
FORMAT( 1H ,8F8.3,/,1H ,878.3)

CONTINUE

CALL CLOSE( 1)

CALL CLOSE(2)

STOP

END




FORTRAN IV
TRAJCT. TRAJCT/-SP=TRAJCT

0001
0692

0003
0004
00035
0906
0eo?
0698
0609
0010
001t
0912
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
9028
0029
6031
0032
0e34
0035
0037
0039
0040
0041
0043
0044
0045
9946
0947
0048
0049
00650
0951
0032
09353
0055
0057

acan
¥*
*

200

vez.2-1 FRI 09-JAN-81 01:43:11 PAGE 001

SUBROUTINE DAAB(WE,A ,AHIN.HH,BB.UO,TO,US.TT.VV.WW.EE,X,T)
COMIION NB
DEBRIS ANALYSIS

PLANE MOTION WITH/ROTATION, GRAVITY

S=AMIN/A
Eo=1.

BB

EE
UO%(l.-TT/TO)*EXP(-EO*TTVTO)
U_

B+ATAII(W/C)

SQRT( C:xC+V:kW)

0.05::AVE
= 1.2%F
= (1.-S)*F
= F2/(.8%SQRT(A):(S%x8+1.))

1

= 0

CONTINUE

I+1

U-v

B+ATAN(W/C)

SQRT( C::C+ Wk W)

GxG:xC/ABS(C)
= .l/(Fl*(S+(l.—S)*SIN(H)#SIN(H))*ABS(C))
IF (AB3(E) .LT. 1.) GO TO 202
DT1 = .1/AES(E)

IF (DT .GT. DTD) DT = DTI1
CONTINUE

IF (DT .GT. .1) DT = .1

IF (I .LT. 12) DT = .01
TSAVE=T
T = T+DT

IF (T .GT. 12.) GO TO 100
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V = V+F1DEDTH(S+(1.~S) *SINCID *SINCID)
W = W+F2:xD*DTSIN(2. *H) -32.2=DT
XSAVE=X

X = X+VxDT

YSAVE=Y

Y = Y+WeDT

E = E+F3xDxDT*SIN(2.¥H)

B = B+ExDT

T1 = (T-X/US)/TO

U = UO%(1.-T1)*EXP(-E0*T1)

IF (1 .GT. 800) GO TO 100

IF (W .LT. 0. .AND. Y .LT. 0.) GO TO 203
GO TO 200
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FORTRAN

IV

vel.2-1

TRAJCT, TRAJCT/~SP=TRAJCT

@058 203 M = M+l

Cc
0059
6661
Q362
0063
906%
00635
0066
V067
0068

0069
0070
0071
9072
6073

CHECK FOR NUMBER OF BOUNCES
IF (M .GE. NB) GO TO 100

100

DELT=-YSAVE/W

T=TSAVE+DELT

X=XSAVE+V*DELT

V= 5%V
W = -.5%W
Y=0.

GO TO 290
CONTINUE

RECOMPUTE X AND T AT Y=0

DT=-YSAVE/W
T=TSAVE+DT
X= XSAVE+V*DT
RETURN

END

FR1 99-JAN-81 01:43:11

FORTRAN 1V STORAGE MAP FOR PROGRAM UNIT .MAIN.

LOCAL VARIABLES, .PSECT SDATA, SIZE = 001022 ( 265. WORDS)

NAME TYPE OFFSET NAME TYPE OFFSET NAME TYPE
AMAX R4 0006612 AMIN R4 000616 BB R4
COVAMA R4 000656 COVAMI R4 000662 COVBB R*4
COVE R4 000772 covil  Ru4 000666 COVTO Rx4
COVVO R4 0G05362 COVWE R4 000652 CTO Rx4
CcuUs R::4 000556 Ccvo Rizd 000546 DX R4
EE Px4 000646 ER R4 000756 ET Rx4
FH Rud 000572 FL R4 0005706 rX R4
atd] R4 060622 1 12 000706 IC I*2
1DTYP I%2 090604 J 12 0060710 KK %2
R (e 0C0676 Rl R4 0030716 RL R4
SR x4 001002 ST R4 001006 SUM1 R*4
SUM2 R4 000742 Sua Ried 000746 SUM4 Rx4
T R4 090702 TH R4 000722 TL Rx4
TT R4 000632 TO R4 000536 Us Rx4
VR R4 090766 VT R4 000776 \'A Rx4
Vo R4 600332 WE Rx4 000606 WW Rx4

COMZION BLOCK ~/ s, SIZE = 000002 ( 1. WORDS)

IFAME TYPE OFFSET NAME TYPE OFFSET NAME TYPE
NB 142 066000

LOCAL AND COMION ARRLYS:

NANT TYPE SECTION OFFSET —--~—= SI1ZE-~—~- DIMENS IONS

A R4 SDATA 000070 000034 ( 14.) ()

DDR R4 SDATA 000214 000034 ( 14.) (D)

pDT Ri¢ SDATA 000230 000034 ( 14.) (?)

DR R4 GCDATA 000124 000034 ( 14.) (7)

DT R4 SDATA 000160 0600034 ( 14.) (?)

E R4 SDATA 000000 0600034 ( 14.) (?)

HeME %2 CDATA 000440 000012 ( 5.) (5

PR 4 SDATA 000304 000940 ( 16.) (8)

PT | 22 SDATA 000344 000040 ( 16.) (B)

STD P4 €DATA 000404 000034 ( 14.) (?)

v R4 SDATA 000034 000034 ¢ 14.) (?)

PACE @002

OFFSET
000626
000672
000366
000552
G007 12
000762
000326
000324
000602
000726
000736
0007?32
000732
000342
000636
000642

OFFSET

SUBROUTINES, FUNCTIONS, STATEHENT AND PROCESSOR~DEF INED FUNCTIONS:

NAML

AS:= G

TYPE

NAME  TYPE
Rx4 CLOSE Rt4

DAAB

NAME TYPE NAME
Rx4  SQRT
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FORTRAN 1V STORAGE MAP FOR PROGRAM UNIT DAAB
LCo2Ll VARIABLES, .PSECT SDATA, SIZE = 000234 ( 78. WORDS)

NAME TYPE OFFSET NAME TYPE OFFSET NAME TYPE OFFSET
A R¥4 @ 000062 AMIN R4 @ 000004 B Rkq 000060
BB R¥4¢ @ 000010 c R4 000074 D Rx4 000134
DELT R#g 000170 DT R4 000140 DT1 R4 000144
E R4 000064 EE R4 @ 000026 Lo R4 000040
F R4 000110 Fl R4 000114 F2 R4 000120
F3 R4 000124 G Riicde 000104 H Rix4 000100
HH Rz4 @ 000006 I 22 000130 M 12 000132
S R4 000934 T Px4 @ 000032 TSAVE R4 000150
TT Rx4 @ 000026 T0 R+4 @ 000014 Ti Rx4 000164
U R4 0009070 us R4 @ 000016 uo Rx4 @ 0009012
v R4 006044 \A Rz4 @ 000022 W R4 050030
WE Rx4 0 000000 WW Rx4 6 000024 X Rx4 @ 000030
XSAVE Rx4 000134 Y Rx4 000034 YSAVE Rx4 000160

COMMON BLOCK 7/ 7/, SIZE = 000002 ( 1. WORDS)

AMD TVUTID NYRAr W A AT Ll o LaS o3 nfal ol o AP R nreranrtT

SUBROUTIKNES, FUNCTIONS, STATEMUNT AND PROCESSun-par ivud »#onlliv.o:

NAME TYPE NAME TYPE NALNE TYPE NAME TYPE NAIE TYPE
ABS R4 ATAN R4 LXP R4 SIH R4 §QAT R4
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B.3 RANGER

|
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FORTRAN 1V vez.2-1 FRI 09-JAN-81 01:49:32 PAGE 091
+ RANGER/-8P=RANGA

0001
6002
06003
0uG4
6005
0006

0007
0608
0609
0010
0011
0012
0013
0014
00135
0C16
0017
6018
0019
0620
0021
0022
0623

0024
00235
0026
00627
0028
09025
00630
0931

50

49

838

51

DIMENSION A(360),NAME(6), IDELT(23) ,JDELT(25) ,N2(5)
DIMENSION IXY1(100) ,ET1¢100), IDTYP1( 100) ,NODE(100) ,SIZE1( 100)
EQUIVALENCE (A(1) ,ETI1(1)),(AC101),SIZEI(1)),(A(201), IXY1(100))
CALL ASSIGN(S,'TI:")
WVRITE(S5,50)
FORIAT(1H ,* *:#53LOCAL TO GLOBAL COORDINATE PROGRAM¥xkx'//
| & THIS PROGRAM LOCATES THE POST-BLAST RESTIKG PLACE OF EVERY'/
2' DECRIS PIECE IN A GIVEN BUILDING. THE PROCRAM REQUIRES TWO'/
8* INPUT FILES AND INTERACTIVE INPUT FROM A TERMINAL. TIIEE FIRST'/
4* INPUT FILE MUST BE CREATED BY RUNS OF THE "FLYER" DEBRIS-'/ :
5' TRANSPORT PROGRAIL. '~/ i
6’ ENTER TOHE NAME OF THE "FLYER" FILE TO BE USED AS INPUT.®) ;
READ(5,49) NAME
FORIHAT(GA2)
CALL ASSIGN(2,NAME)
CALL ASSIGN(1, 'FLYER.TEM’)
READ(2,206) IC
DEFINE FILE 1 (IC, 16,U,NEXD)
NEXT=1
DO 883 NN=1,IC
READ(2,21) ID,NB2,R,ER,SDR, T,ET,SDT, AMAX
FOIMATC( 16, I12,6F3.0/9%,FB.0/7/)
WRITEC(1’REXT) ER,SDR,ET,SDT, ANAX
CONTINUE
CALL CLOSE(2)
NN=3060
ND=0
WVRITE(S,531) NN
FCRIATCRID ,° TIOE SECOND INPUT FILE SHOULD CONTAIN A TABLE OF'/
1’ THE STANDARD NORMAL DISTRIBUTION INDENTICAL TO TABLE I11,P436°/
2' OF "HNATHEHATICAL STATISTICS" BY JOON FREUND,2ND ED, 1972,°'/
3' PRENTICE-HALL. TIIE FILE SHOULD BE CALLED "NORMAL.DAT". THE'/
4* VALUES IN TIHE TABLE SIIOULD BE THE AREA UNDER THE STANDARD'/
5’ HNOR/UIAL CURVE(STD DEV=1,HMEAN=0) FROM THE MEAN TO THE Z-VALUE'/
6' TADLLE VALULS SLOULD START AT THE AREA FOR Z=0 AND PRGCEED FOR'~/
7' AT LEAST’,14,' Z INCREMENTS OF 0.001 . THE FIRST ENTRY SHOULD’~/
87' BE 0.000C00, TILE SECOND 0.004000, AND TOE 3GOTH 0.498700.°'/
9* TIIE FILE CONSISTS OF 80-CUARACTER RECORDS,FORMAT( 10F8.6) ')

WRITE(S5,59)

FOILIATC( /7 HIT RETURN TO CONTINUE.*)
READ(35,58) START

FORIIAT( A2}

WRITE(5,52)

FORMAT(//77,° #ii:GRID DINENSIONS:k:xkx® //)

VRITE(5,53)

FORMATC® THOIS PROGRAM CONSIDERS THE INITIAL COORDINATES AND FL
1IGUT DISTANCE’~* OF A DLEBRIS PIECE AND DETERMINES ITS FINAL RESTI
2NG PLACE RELATIVE TO A'~/* BDORIZONTAL GRID. SECTIONS OF THE GRID
SARE BEFINED BY I AND J*/* COORDIRATES. THE GRID ORIGIN IS THE SA
4HE ONE USED FOR Til¥ INITIAL'/' COORDINATES. THE I-DIRECTION IS
5 PARALLEL TO0 THE BLAST,AND THE'~' J-DIRECTION IS NORMAL TO THE BL
6,4ST. TIE OVERALL SIZE OF TIHE GRID AND'/* THE UNIT SECTION
¥ SHNULD DE DETERMINED NOW.'/® ALL LENGTiIIS IN FEET.'/s/’ EN
S8TER THE TOTAL LENGTH OF THE GRID IN BLAST DIRECTION. °',8)
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FORTRAN 1V ve2.2-1 FRI 09-JAN-81 01:49:32 PAGE 002

» RANCER/~SP=RANGCA

0032 READ(S5,:x) XTOT

0033 WRITE(S,54)

0¢34 54 FORMAT( 1HS, * ENTER TOTAL WIDTH OF GRID NORMAL TO BLAST. ')

0035 READ(5,%) YTOT

0036 VRITE(S,55)

0037 55 FORFMATC * ENTER LERGTH OF UNIT RECTANGLE. °',3)

6033 READ(SJ,x) XUNIT

9039 WRITE(S,56)

0049 56 FORMATC * ENTER VIDTHO OF UNIT RECTANGLE. °',9) ;

0041 READ(S,%) YUNIT

0042 WRITE(5,61)

0043 61 FORIMNAT(S, * ENTER BLAST ANGLE.(CLOCKWISE FROM X-AXIS,DEGREES) °*) ;
f 0044 READ(3,x) THETA 1
1 6045 THETR=THETA* ., 017433293

0049 COST=COS(THETR)

0047 . SINT=SINCTHETR)

0043 NI=XTOT/XUNIT+4

00649 NJ=YTOT/YUNIT+4

0659 AUNIT=XUNIT:=YUNIT

= 0051 WVRITE(S5,57) XTOT,YTOT,NI,NJ,XUNIT, YUNIT, THETA

0052 57 FORMAT(////721X, * suiexGRID DIHMENSIONS FOR THIS RUN:ksex'///
126X, 'CRID’',F9.1,* BY’,F6.1,' FEET'/
233X,16,°’ BY',16,°' UNITS’/~/

A \x 316X, 'UNIT RECTANGLE’ ,F9.1,’ BY’,F6.1,' FEET'/
s 519X, 'BLAST ANGLE=',¥6.2,' DEGREES.'////
: 4’ ENTER THE NAME OF TIE OUTUT FILE TO BE USED BY TIIS RUN.®)
| 0053 READ(5,49) NAIE 1
' 0054 WRITE(S, 12)
‘ 0335 12 FORMAT( 25X, * ¥%%¥¥DEDRIS CLASS DATA::ux’///
1’ THIS PROGRAM IS DESIGNED TO OPERATE ON LARGE CLASSES OF SIMI

2LAR’/’ DEBRIS PIECES. THOE RANGE WILL DE TIZ SAME FOR ALL OF TIOES
3E PIECES’/* BUT TIHE INITIAL PGSITIONS WILL D DIFFERENT. TIE PRO
4GRAM CAN VARY THE'/* RANGE T[FOR TIIE DIFFERENT MEMBERS OF THLE CLAS
58 USING THE STATISTICAL’/' PARANETERS FROM TOE FLYER PROGRAIL '/)

0056 CALL ASSIGN(4,'NORVAL.DAT®)
0057 READ(4,41) START, (AC1Z), 1Z=1,NN)
0058 41 FORMAT( 10F8. 0)
0059 READ(4,42) (IDELT(IID),JDELT(IID),I11=1,25)

i 0060 42 FORMAT( 1X, 26 13)

006 1 CALL CLOSE(4)
0062 CALL ASSIGN(2,’RANGEZ2.TEM’)
0063 WRITE(5,71)
0064 71 FORMAT( * NAME OF INPUT FILE WITH XY DATA FOR DEBRIS PIECES?*) i
0063 READ(5,49) N2 ‘
0066 CALL CLOSE(5) _
0067 CALL ASSIGN(4,K2) ;
0068 READ(4,43) KNG :
0069 43 FORMAT( 110)
0070 DO 160 I11=1,NC
0071 ND1=ND

; 0072 RZM=0.

- 0973 READ(4,44) IDFLY, IDTYP,NICL, ID1

- 0074 44 FORMAT( 15, 15, I3, I?)

S 0075 NICL2=NICL 2

160
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FORTRAN 1V vez.2-1 FRI 09-JAN-B1 01:49:32 PACE 003
. RANGER/~SP=RANGA
0076 15 FORMAT( A1)
0077 20 FORMAT( 110)
0078 READ( 1’ IDFLY) ER,SDR,ET,SDT, AMAX
0079 121 PIECE1=AMAX/AUNIT
0060 S1ZE= AUNIT/AMAX
0081 IF(SIZE.GT. 1.00) SIZE=1.00
0083 ERY=ER+SINT
0084 ERX=ER*COST .
0085 SDRY=SDR+SINT :
0086 SDRX= SDR*COST i
0087 IF(NICL.CT.3) GO TO 130 {
0089 DO 120 IXY=1D1, ID1+NICL-1 :
0090 READ(4,45) XL, YL |
] 0091 45 FORMAT(2F8.0) .
0092 X=XL+ERX
i 0093 Y= YL+ERY
0094 IL=X/XUNIT+3.0
3 0093 JL=Y/YUNIT+3.0
0096 IP1ECE=PIECE!
0097 AREAP= AMAX
0098 DO 124 NNNN=1, IPIECE
0699 AREAP= AREAP-AUNIT i
0100 1= IL+ IDELT(NNNIN)
0101 J=JL+JDELT( NNNN)
0102 WRITE(2) IXY,I,J,ET,IDTYP,SIZE
: 0103 ND=ND+1 4
| 0104 124 CONTINUE
‘ 0105 . S 1ZER= AREAP/AMAX
r 0106 IF(SIZER.LT.0.10) GO TO 120
0108 1= IL+ IDELT( IPIECE+1)
0169 J=JL+JDELT( IPIECE+1)
0110 WVRITE(2) IXY,1,J,ET, IDTYP,SIZER
1 o111 ND=ND+1 :
i o112 120 CONTIRUE 1
0113 GO TO 100 :
8114 130 CONTINUE !
0115 Z1=0 . 1
0116 1Z1=1 .
; 0117 KK=1 :
0118 1XYY=ID1 :
0119 149 CONTINUE ‘
0120 PO 140 1Z=1Z1,RN i
0121 IAREA=A( 1Z) #NICL .
0122 IF (IAREA.GE.KK) GO TO 141 ]
0124 140 CONTINUE
0123 1Z=1iN
0126 IAREA=NICL2
0127 141 Z2=1Z/100.
0i28 ZAV=(2+Z1+Z2) /3.
0129 DRYX=ZAV*SDRX
0130 DRY=ZAV#SDRY
- 0131 ER13%=ERX+DRX
K 0132 ER2X= ERX-DRX

0133 ER1Y=ERY+DRY




FORTRAN IV vez, 2-1 FRI 09-JAN-81 01:49:32 PACE 004
+ RANGER/-SP=RANGA
0134 ER2Y=ERY-DRY
0135 ET10=ET+ZAV%:SDT
‘ 0136 ET2=ET-ZAV%SDT
. 0137 IF (ET2.LE.0.) ET2:=0.
: 6139 Z1=72
0150 121=1Z
0141 DO 142 KKK=KK, IAREA
0142 READ(4,43) XL,YL
0143 X=XL+ER1X
0i44 Y=YL+ER1Y
01435 IH=X/XUNIT+3.0
0146 JH=Y/YUNIT+3.0
0147 IXYL=1XYY+1
0148 IF(IXYL.GE.NICL+ID1) GO TO 1242
9150 READ(4,45) XL,YL
0151 X=XL+ER2X
0152 Y= YL+ER2Y
0153 IL=X/XUNIT+3.0
0154 JL=Y/YUNIT+3.0
013535 IPIECE=PIECE1 i
0156 1242 AREAP= AMAX
0137 DO 160 NNNN=1, IPIECE i
0158 AREAP= AREAP-AUNIT
0159 1=11I+ IDELT(NNNN)
6160 J=JH+JDELT( NNNN)
. 0161 WRITE(2) IXYY,I,J,ET10, IDTYP,SIZE
{ 0162 ND=ND+1
. 0163 IFCILN/L.GE.NICL+ID1) GO TO 160
Q1635 I= 1L+ IDELT(NRNNN)
0166 J=JL+JDELT( NRNN)
0167 VRITE(2) IXYL,I1,J,ET2, IDTYP,SIZE
0160 ND=ND+1
©i69 160 CONTINUE
0170 IXYY= IRYY+2
0171 SIZER= AREAP/AMAX
01v2 IF(SIZER.LT.0.10) GO TO 142
0174 1= 1H+ IDELTC IPIECE+1)
0173 J=JH+JDELT( IPIECE+1)
; 0176 I XYHIl= IXYY-2
0177 WRITE(2) 1XYIH,I1,J,ET10, IDTYP,SIZER
0178 ND=HD+1
0179 IFCIXYL.GE.NICL+ID1) GO TO 142
0181 1= IL+ IBELT( IPIECE+1)
0182 J=JL+JDELT( IPIECE+1)
0183 WVRITE(2) IXYL,I,J,ET2, IDTYP,SIZER 1
0184 KD=KD+1
0185 142 CONTINUE
0186 KiK= TAREA+1
0137 IF (IXYY.LT.NICL+ID1) GO TO 149

01892 100 CONTINUE
0190 200 CONTINUE

. 0191 CLOSE(UNIT=1,DISP="'DELETE")
L, 0192 CALL CLOSE(4)
L - 0193 REVWIND 2
3
»
L
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FORTRAN IV vez.2-1 FRI @9-JAN-81 01:49:32 PAGE 003
RANGER/-SP=RANCA
0194 CALL ASSIGN(1, *RANGER.TEM') 1
0195 25 FORMAT( 1H , 17,16, 16,2F6.2) i
0196 CALL ASSIGN(3,'KOUNT.OUT") :
. 0197 DO 600 JJ=1,NJ :
v 0193 DO 790 11=1,NI :
0199 KOUNT=0 {
0299 DO 800 NNN=1,ND '
0201 READ( 2,END=899) 1D, I,J,ET, IDTYP,SIZE
0202 IF(J.NE.JJ) GO TO 800
0204 IFCI.NE.II) GO TO 800
0206 KOUNT=KOUNT+ 1
0207 WRITEC1) ID,ET, IDTYP,SIZE
0208 800 CONTINUE
0269 899 REWIND 2
0210 IF(KOUNT.NE.0) WRITE(3) I1,JJ,KOUNT
0212 7€0 CONTINUE i
0213 600 CONTINUE
0214 REVIRD 1
0215 REVIND 3
0216 CLOSE(UNIT=2,DISP= 'DELETE")
© 6217 CALL ASSICN(2,NAME)
0213 VRITE(2,25) ND,NI,NJ,XUNIT,YUNIT
0219 N1J=NIxKJ
0220 DO 9¢9 KKK=1,N1J
0221 READ(3,END=1600) 1,J,KOUNT
0222 READ( 1) IXY1C1) ,ETiC1), IDTYP1(1) ,SIZE1(1)
0223 NODE(1)=1
. 0224 IF(KOUNT.EQ.1) GO TO 915
: 0226 ) DO 910 NREC=2,KOUNT
0227 READ( 1) IXY1(RREC) ,ET1(NREC), IDTYP1(NREC) ,SIZE1(KREC)
123 ET10=ET1(KREC)
0229 DO 950 NN=KREC-1,1,-1
030 IDTC =NOGDE(NN)
6221 IF(LT10.CE.ET1( IDTOP)) GO TO 933
0223 NODE( NN+1) = IDTOP
0224 9350 CGHTINUE
0235 Ni=0 : :
0236 955 NODE( KN+ 1) =NREC : .
0237 910 CONTINUE
' 0238 915 CONTINUE
0239 VRITE(2,31) 1,J,KOUNT
0240 31 FORIATC 1H ,314)
0241 DO 960 NNN=1i,KOUNT
0242 1D= KODE( NNN)
0243 VRITE(2,921 IXY1C(ID),ET1CID), IDTYP1(ID) ,SIZE1CID)
0244 960 CONTINUE
6243 900  CONTINUE
0246 921 FORMAT(1H ,16,F7.3,14,F7.4)
0247 1000 CLOSE(UNIT=1,DISP="'DELETE®)
0248 CALL CLOSE(2)
0249 CLOSE(UNIT=3,DISP='DELETE")
o 0250 STOP
e 0251 END !
i
+
L J
’
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FORTRAN [V STORACE MAP FOR PROGRAM UNIT .MAIN.
LGCAL VARIABLES, .PSECT SDATA, SIZE = 0037306 ( 1004. WORDS)

NAME TYPE OFFSET NAIME TYPE OFFSET NAME TYPE OFFSET
AMAY (B 003374 AREAP R:4 003566 AUNIT Rx4 003452
CosY R4 003+36 DRX Rx4 003630 DRY Rx4 003634
ER Rx4 003550 ERX Rx4 003522 ERY R*4 003516
ER1X R4 003640 ER1Y R4 003650 ER2X  R*4 003644
ER2Y R4 003654 ET Ru4 003364 ET10 R+*4 003660
ET2 R4 003¢v o4 1 %2 003574 TAREA %2 003616
1C [:2 603332 1D %2 003340 IDFLY Ix2 003474
IDTOP  I%2 003714 IDTYP 12 003476 I1D1 1*2 0063502
1 I%2 003672 11 I%2 003464 111 1%2 003460
IL %2 005560 IPIECE [I#2 003564 IXY 1%2 003536
IXYHII  I%2 603700 IXYL I%2 003676 IXYY I*2 003614
12 152 003456 1Z1 %2 003610 J 12 003576
JH 2 003674 JJ 14:2 003702 JL I*2 003562
KK | £ 003612 KKK I%2 003670 KOUNT [I%2 003704
NB2 12 003342 NC 152 003462 ND I*2 003400
ND1 1x2 0334606 NEXT 142 003334 Egv NI 12 003446
NICL [::2 6033500 NICL2 1x2 003504 NI1J I1x2 003710
NJ 132 000430 NN 12 003336 NNN %2 003706
NNNI 12 003572 NREC I%2 003712 PIECE1 Rx4 003506
R Ricd 003344 REM R4 003470 SDR R¥4 003354
SBRXY x4 603532 SDRY  Rx4 003526 SDT Rx4 003370
SINT Rid 003442 SI1ZE Rad 0033512 SIZER Rx4 003600
START R4 003402 T R4 003360 THETA Rx4 603426
THETR R&4 003432 X R4 003350 XL Rx4 003340
XTOT Riz4 003466 XUNIT Rx4 003416 Y Rx4 003334
YL R4 003544 YFroT R4 003412 YUNIT R*4 0603422
ZAV Rack 003624 Zi R4 003604 z2 R*4 003620

LOCAL AND COMMON ARRAYS:

NAME TYPE SECTION OFFSET ~-—~-- SIZE~=~~- DIMENSIONS
A R4 SDATA 006002 0602260 ( 600.) (309)
ET1 Riq SDATA 066002 000620 (. 200.) (100}
IVELT I%2 SDATA 002276 000062 ( 235.) (25)
IDTYP1 I%2 6DATA 602454 000310 ( 100.) (100)
IXY1 1*2 8DATA 001134 000310 ( 100.) (100)
JDELT [%2 8DATA 002360 000062 ( 23.) (2%
NAME 1%2 8DATA 002262 000014 ( 6.) (6)
NODE %2 S€DATA 002764 000310 ( 100.) (100)
N2 12 6DATA 00382442 06306012 ( 5.) (®)
SIZE1 R4 SDATA 050622 000620 (¢ 2G0.) (100)

SUBXCUTINES, FUKNCTIONS, STATEMENT AND PROCESSOR-DEFINED FUNCTIONS:

NAME TYPE NAME TYPE NAKE TYPE NAMNE  TYPE NAME TYPE
ASSIGH R4 CLOSE R4 cos Ricq SIN R¥4
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B.4 BLOCK
FOUTLAN IV vVo2.2-1 TUE 06-JAN-81 14:15:32 PAGE 001
BLOCK, BLOCi./-SP=BLOCK
0Co1l DIMENSION IH1(20),JH1(20), IPT(5000) ,NAME(S)
0002 DIMENSION RODE(200),ET(2060), ID(200), IDTYP(200) ,SIZE(200)
0003 CALL ASSIGN(4, 'BLOCK.DAT"®)
6204 READ(4,41) NAME
0003 41 FORMAT( 1X,5A2)
0006 CALL ASSIGHN(1,NAME)
9007 REAB(4,42) NHOUSE,NIB,NJB
0008 42 FORMAT(316)
0G0Y READ(4,48) (IHI(NM) ,JHI(NN) ,NN=1,NHOUSE)
0,10 43 FoninT(616,616)
Q011 READ(4,41) NAME
0012 CALL CLOSE(4)
0v13 CALL AS3IGN(2, 'BLCCK.TEM’)
0v14 READC1,11) NDT,NI,NJ,XUNIT, YUNIT
0013 DEFINE FILE 2 (KRDT,6,U, IREC)
0016 11 FORMATC1X, 17,216,2F6.0)
0017 NIJ=NI*NJ
0018 RREC=1
0019 IREC=1
0020 READC1, 12) I,J,KOUNT
0021 1J=(J-1)=NI+1]
| 0022 DO 200 KK=1,N1J
: 0023 IT(KK.LE. 1J) GO TO 205
GI25 NAEC=NREC+KOUNT
| (11 )40 REAB( 1, 13,END=200) CID(MMD ,CT(IMDID , IDTYP(IIID
1,S1ZECMTD , MITIF 1, KOURT)
QU277 13 FORMAT(1X, 16,F?.0,14,F7.0)
0C28 DO 210 LL=KOURT,1,~-1
6029 WRITE(2® IREC) ID(LL),ET(LL), IDTYP(LL),SIZE(LL)
¢030 210 CONTINUE
6081 READC1,12,END=200) I,J,KOUNT
0032 12 FORMAT( 1X,314)
0033 1J=(J-1)*NI+1
! 0034 205 IPT(KI) =NREC
' ;0035 200 CONTINUE
0636 CALL CLOSE(1)
0037 CALL ASSIGN(C,NAME)
¢(386 DO 500 I1I=1,NIB
09339 DO 320 JJ=1,NJB
0040 KTOT=0
0041 B 540 Ki=1,NIOUSE
0042 IDELT=11-1H1(KK)
6C43 JBELT=JJ=JH1(KI{)
0044 IFCIDELT.LT.O.OR. IBELT.CGE.NI) GO TO 340
0046 IF(JDELT.LT.O.CR.JDELT.CE.NI) GO TO 340
0043 IL=IDELT+1
6049 JL=JDELT+1
6050 1JL=(JL-1)%Ni+]L
06351 IPT1=I1PTC1JL)
i 0052 IPTN=IPTCIJL+1)
¢ 00353 REC= IPTR-1PT1
eG54 IFCHREC.LE.O) GO TO 340
. 0G36 FIND (2'IPTI1)
JO57 TOP=NTOT
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| FORTRAN IV vo2.2-1 TUE 06-JAN-81 14:15:32 PAGE 002
| BLOCK,BLOCK/-SP=BLOCK
©938 HOUSE= KK+ 1000
YudY DO 360 LL=NREC,1,-1
8060 111=NTOT+LL
0061 READ(2° IREC) IDL,ET10, IDTYPC(I1D),SIZECIID)
0962 IDC111)= IDL+ 1HOUSE
€663 ETC(111)=ET10
0064 IF(NTOP.EQ.0) GO TO 379
6066 DO 370 MM=NTOP,1,-1
0067 1DTOP=NODE( MID
1 0068 IF(ET10.GE.ET( IDTOP)) GO TO 379
0070 NODE( MM+LL) = IDTOP
0071 870 CONTIRUE
3672 M= 0
0673 879 NODECIN+LL) =111
0074 NTOP= MM
0075 300 CONTINUE
6076 NTOT=NTOT+NREC
00T? 840 CONTINUE
0078 IF(NTOT.EQ.0) €O TO 320
3 0380 WVINTE(S,34) II,JJ,NTOT

0cC1 34 FORMAT( 1H ,314)
¢oC2 DO 875 NN=1,NTOT
G0E3 Nii'i= NODE( NN)
ocst  — VRITE(S,53) ID(NEN ,ETC(NNN) , IDTYP(NNN) , SIZECNKN)
6085 B3 FGRUAT( 1O , 16,F7.8,14,F7.4)
GUB6 575 CONTIZYE

, 0087 320 CONTINUE

' CGC8 800  CONTINUE

: CCEO CLOSE(UNIT=2, DISP= ' DELETE")
6699 CALL CLOSE(3)
0091 STOP

] 0092 END

Rl el

; FORTRAR IV STORAGE MAP FOR PROCRAM UNIT .MAIR.

4 f LOCAL VARIABLES, .PSECT SDATA, SIZE = 031312 ( 6501. WORDS) .
NAID TYPE OFFSET HAME TYPE OFFSET RAME TYPE OFFSET

ET10 ) T 031276 | 142 031224 IDELT Ix2 031230
1L I 031274 IDTOP  [I:#:2 031304 THOUSE I%2 031270

: 1i =2 031242 ITI 1::2 031272 1J I%2 031232

i 1JL ) 5 031260 IL 2 031254 IPTN %2 031264

{ I1PT1 1::2 031262 InEC 142 031216 Eqv J 12 031226
JBZILT  I=2 031252 JJ 12 031244 JL w2 031256
KK 12 031234 IOUNT 132 0631230 LL I*2 031240

} MM | EOL] 021302 Sty I=2 031236 NDT [%2 031200
NIOUSE I8 031170 N1 1::2 031202 NIB 12 031172

1 NIJ 12 031220 HJ P2 031204 NJB Ix2 031174

3 NI 12 0351176 NHN 142 031306 NREC I*2 031222

4 NTOP I::2 031266 RTOT 142 031246 XURIT Rx4 031206

k YUNIT R4 631212

p ! LOCAL AIlD COIM{ON ARRAYS:

: . NAHME TYPE SECTION OFFSET -~ SI1ZE- DIMENSIORS

4 ET R4 SDATA 024372 001440 ¢ 400.) (200)

! ID I%2 €DATA 026032 000620 ( 200.) (200)

, IDTYP I*2 6DATA 026652 000620 ( 200.) (200)

3 TH1 1*2 8DATA 000000 000050 ( 20.) (20)

.' IPT %2 $DATA 000120 023420 ( 5000.) (5000)

{ JH1 1*2 SDATA 000050 000030 ( 20.) (20

‘ NAME I*2 SDATA 023540 000012 ( 5.) (3

5 NODE 2 EDATA 023532 CQCCHZ0 ¢ 200.) (260)

f SIZE R4 SDATA 027472 ©€01440 ¢ 400.) (200)

1

SUBIOUTILLES, FURCTIONS, STATEILNT AND PROCESSOR-BEFINED FUNRCTIORS:

LANE TYPL HAME TYPE NAIE  TYPE NAME TYPE NAME  TYPE
ASSIGN R4 CLOSE R4
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